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EDITORIAL 


RECEPTORS AND TRANSMEMBRANE SIGNALLING: CELLULAR AND 


a 


- This postgraduate issue of British Journal of Anaes- 


thesia is based on a two-day symposium (11-12 
December, 1992), arranged by the Royal College of 
Anaesthetists in association with British Journal of 
Anaesthesia. It was one of the most successful 
gatherings of its kind, as it brought together clinical 
anaesthetists and basic scientists from the United 
Kingdom, Germany and the U.S.A. The symposium 


provided the opportunity for these multidisciplinary - 


research workers to interact with each other at a 
closed workshop, and then present their current 
“state of the art”? work at an open meeting. The 


resulting review papers, which were revised after the 


meeting, provide the opportunity for a considered 
view of the subject to be brought to the attention of 
the speciality as a whole. ) 

There are,a number of unifying concepts that 
underly the different presentations. First, all would 
recognize that -clinical anaesthesia is staggeringly 
successful. The certainty of action of a neuronal 
depressant -has come to be ‘taken for granted. 
However, the more that is known about the multi- 
plicity of underlying perturbations, the more sur- 
prising is the overall phenomenon. Anaesthetics are 
one of the few groups of drugs that are used clinically 
without real understanding of their underlying 
mechanisms. In the 146 years since the first fully 
effective demonstration of general anaesthesia in man, 
the many theories of how anaesthetics work have 


‘originated primarily from the basic sciences. Al- 


though the fields of interest of anaesthetists have 
developed and expanded widely over the last 25 
years, it is only recently that there has been a 
significant contribution to research into the basic 
mechanisms of anaesthesia from those engaged in 
clinical practice. One of the problems is that the 
clinical anaesthetist is more concerned with the 
visceral and physiological responses to the noxious 


` stimuli, whereas consciousness appears to be more 


closely associated with somatic responses. There 
have been many studies in the latter area but, as yet, 
they have not come to a definitive conclusion. 
Some of the work in the area of anaesthesia 
mechanisms has stemmed from basic advances in cell 
electrophysiology. The work has been stimulated by 
the application of molecular biology to neuro- 
physiology. As the understanding of cell functions 
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moves to a sounder basis, it is appropriate to study 

the application of anaesthetics. However, there are 
still a series of important questions that need to be 
asked, specifically, what do we want to know and 
why? A number of the review articles in this issue 
have therefore included a statement about what 
anaesthetics do not do, as well as what they do. The 
next question to decide is the future direction of the ` 


- specific studies of anaesthetics. Some investigators 


have concentrated on the ion channels themselves, 
whereas others have emphasized the ion channel 
complex. The distinction between a pure synaptic 
voltage-modulated channel and conventional ligand- 
gated channel has been blurred by the discovery of 
intermediate forms of ion chanriels. Everybody is in 
agreement that the overall cellular effects are far 
more complicated than they thought 25 years ago. 

Two distinctive attitudes are apparent in regard to 
the differences between anaesthetics in clinical use. 
The practising anaesthetist may view.them as 
substances which are readily distinguishable by 
their individual clinical effects. However, the sym- 
posium brought together clinical anaesthetists with 
molecular biologists, pharmacologists and neuro- 
physiologists. Within the Jatter’s research fields, 
anaesthesia is recognized as being produced by a 
variety of chemical compounds and the apparently 
unique features of clinical agents relate only to the 
fact that they have been screened with care and 
selected because of limited incidental effects. The 
realization that side actions may be irrelevant to the 
mechanisms of anaesthesia is stimulating and not 
accepted by all investigators. Future experimen- 
tation may resolve this particular issue. 

The editors hope that the review papers which are 
reported in these pages will help to stimulate 
continued interest in the mechanisms of action of 
anaesthetic drugs, and will provide every encour- 
agement to multidisciplinary investigators to con- 
tinue and expand their efforts. 

M. J. HALSEY 
Oxford 
C. PRYS ROBERTS 
Bristol 
L. STRUNIN 
Editor of Educational Reviews 
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NEURONAL SODIUM AND POTASSIUM CHANNELS: 


STRUCTURE AND FUNCTION 


K. T. WANN 


Information transfer over long distances within the 
central nervous system is achieved because neurones 
are capable of generating and conducting action 
potentials. Such action potentials are the all or none 
signals or messages of the nervous system and 
depend on the operation of specialized membrane 
proteins called ion channels. More than 50 years ago, 
Cole and Curtis [16] showed that the electrical 
conductance of the nerve axon membrane increased 
during the action potential, suggesting that the 
movement of ions was involved. In 1952, Hodgkin 
and Huxley published a classic series of papers [43] 
describing formally the tomc basis of the action 
potential in terms of sequential membrane per- 
meability changes to Na* and Kt ions. Now, 40 years 
on, we are on the threshold of describing the 
molecular basts of excitability [10, 14, 15, 27, 54]. 
Thus the Nat and K* channels have been elevated 
from the status of mythical structures in the minds of 
electrophysiologists to a position where they are in 
danger of being crystallized. The combination of 
traditional biophysical and biochemical methods 
with the powerful techniques of molecular biology 
has advanced work in this field to the point that the 
structure of membrane Nat and K* channels is 
within reach [14, 15]. This review is intended as an 


introduction to the properties of neuronal Nat and 


K+ channels, with some reference to the effects of 
anaesthetics. It will serve as a background to the 
material presented in subsequent reviews. 


WHAT ARE ION CHANNELS? 


Membrane ion channels may be visualized opera- 
tionally as water filled holes or tunnels, providing an 
aqueous route for ions, to enable them to traverse the 
hydrophobic membrane interior. Their function is 
to translocate or “‘process”’ ions and for this reason 
they are often thought of as transport proteins, 
analogous to enzymes, their “‘substrate” being 
particular ionic species. The transit time for each ion 
in the channel is short so that the throughput or 
transport capacity of each channel is large (i.e. 
103-10! ions s~1). However, despite the large proces- 
sing rate for ions, channels can discriminate, for 
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example between Nat and K* ions, achieving 
selectivities of 100:1 (the relative Kt:Na* permea- 
bilities) in the case of neuronal K+ channels. For 
selective ion channels, these are named according to 
their principal permeant ion species, hence Nat and 
Kt channels. For neuronal Nat and K+ channels, the 
conductance (or permeability) of the channel is 
dependent weakly on temperature, suggesting that 
the energy barriers within the channel are small; ions 
moving or diffusing through the channel as they 
would in free solution. Indeed the weak temperature 
dependence of the ion permeation process of ion 
channels in general, is a feature which distinguishes 
this transport mechanism from that of a carrier- 
mediated process. 

In this review, we focus primarily on the sub- 
classes of ion channels which are voltage-gated. For 
example, voltage-gated Nat channels are first opened 
by membrane depolarization, that is activated, but 
then (after a delay) are also inactivated or closed by 
depolarization. These activation and inactivation 
reactions are the so-called gating processes and are 
thought to depend on the operation of different parts 
of the ion channel machinery (see below). Voltage- 
gated K* channels are opened or activated also by 
membrane depolarization. Only certain subtypes of 
Kt channels, for example the Drosophila Shaker 
A-type, inactivate also after a delay. One of the 
challenges of present research on ion channels is the 
prospect of being able to assign different properties, 
such as high selectivity and voltage-dependent gating 
(activation and inactivation) to different parts of the 
channel structure. 

In addition to voltage-gated K* channels, there are 
K+ channels which are (in some cases) voltage- 
dependent, which can be regulated also by in- 
tracellular messengers, such as Ca** and adenosine 
triphosphate (ATP). 


EOIN 
Subtypes di 

The prime function of neuronal voltage-gated Nat 
channels is to generate the rapid depolarization of 
the action potential. When activated, these channels 
open, permitting the influx of Nat ions down a steep 
electrochemical gradient into the neurone. This 
generates an inward Nat current which can be 
detected electrophysiologically (fig. 1A, B). 


K. T. WANN, B.SC., PH.D., Department of Physiology, Royal Free 


Hospital School of Medicine, University of London, Rowland 
Hill Street, London NW3 2PF. 
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Fic. 1. a: The family of Nat currents elicited in a membrane patch 
of an oocyte injected with the mRNA specific for rat brain sodium 
channel IJ. From a patch holding potential of — 100 mV, 
depolarizing voltage pulses of 5-ms duration were applied to the 
patch pipette. The applied test potentials were from —50 mV to 
— 10 mV (5-mV increments), —10 mV to +60mV (10-mV 
increments). Each record represents the average of eight con- 
secutive responses. B: Peak inward sodium current vs voltage 
relation for the current records shown in A. The reversal potential 
= 45 mV (from [86]). 


TABLE I. Subunit composition of purified sodium channels 


Source Subunits (kDa) Core peptide kDa) 
Eel (a) 280 208 
Rat brain (a) 260 220 
36 23 
33 21 
Rat skeletal (a) 260 
muscle 38 


Although there are strong similarities between 
Nat channels in different tissues, and indeed in 
different species, it is clear that subtypes of channels 
exist (see [9]). This conclusion is based on bio- 
chemical evidence, such as the relative sensitivity of 
the Nat channel types to the neurotoxin, tetrodo- 
toxin, and also electrophysiological estimates of, for 
example, conductance at the single channel level 
[91]. There are both electrophysiological data 
and cloning experiments suggesting that there are 
Na* channel subtypes in neurones also. In both 
peripheral nerves and central neurones, there are 
novel Nat channels which are activated by small 
depolarizations (“‘threshold channels”) and slowly 
inactivate [24, 26, 64, 73, 86]. These Nat channels 
may be responsible for triggering action potentials 
and therefore subserve a rather different function to 
“traditional” voltage-gated Nat channels. How 
common these channels are is not yet known. 
Molecular biology also provides strong evidence for 
Nat channel subtypes in neurones. There are at least 


three Na* channel messenger RNA in rat brain from 
which cDNA and therefore the primary sequences of 
the respective Nat channels have been obtained [61]. 
These Nat channel messages showed more than 
90% sequence homology and clearly the individual 
Nat channels are expressed simultaneously in the 
brain tissue (although not necessarily in the same 
neurone). 
Density 

There are a number of methods of calculating the 
Na* channel density of nerve membranes. First, this 
can be estimated from the density of receptor sites 
for specific toxins, such as tetrodotoxin. Second, this 
can be deduced from measurement of the total 
current generated when a population of Nat channel 
gates open, if the gating charge per channel is known 
(six equivalent charges per channel). Third, this can 
be derived by dividing the macroscopic maximal Na+ 
conductance (um7*) by the single channel conduc- 
tance (generated by fluctuation analysis or by single 
channel current measurements). For neurones, esti- 
mates of Nat channel density are confined to 
peripheral nerves: values range from 35-530 um™ of 
membrane in unmyelinated nerves to 2000-3000 
uum? of nodal membrane in myelinated systems. The 
greater the Na* channel density, the more rapid the 
depolarization rate of the action potential and the 
greater the conduction velocity. However, there is an 
optimum number which, when exceeded, results in 
reduced conduction velocity. At this point the 
movement of the gating charges (six per channel) as 
the membrane electric field alters contributes extra 
capacity current. 
Subunit composition 

For voltage-gated Nat channels, purification of 
the protein was possible because naturally occurring 
high-affinity specific toxins (e.g. tetrodotoxin) were 
available [2,36]. The Nat channel from the eel 
electric organ (a rich source of membrane protein) 
was found to be a glycoprotein of approximately 
1850 amino acids with a molecular weight of 
280 kDa (table I). The carbohydrate component of 
the channel is approximately 20% w/w (distributed 
extracellulary) and approximately 50% of the sugar 
residues are sialic acids [10]. Nat channels purified 
from other sources, such as rat brain, possess a 
similar glycoprotein (the « subunit) and additionally, 
other smaller glycoprotein subunits (table I). Tetro- 
dotoxin binding studies and Na* flux measurements 
show that if the a subunit is incorporated into 
phospholipid bilayers, functional Nat channels can 
be produced [70]. It appears therefore that the ion 
channel (aqueous pore and gating processes) resides 
in the « subunit, the function of the other subunits 
not yet being known. Patch—clamp studies in oocytes 
confirm this finding. Injection of oocytes from 
Xenopus laevis with mRNA produced by in vitro 
transcription of the cDNA encoding the sequence 
for the æ subunit of the rat brain Na* channel I] 
(subtypes of Nat channels exist), results in the 
expression of functional Na* channels with proper- 
ties similar to the native Nat channel of rat nerve 
[86]. 
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Fig. 2. Proposed transmembrane folding of the amino acid chains of the « subunit of the Na* channel. The repeats 

are labelled I, II, ITI and IV, the membrane-spanning segments are shown as the cylinders 1-6 and the voltage sensor 

as the positively charged fourth cylinder. The pore lining links 5 with 6. The cytoplasmic loop (h) is the putative 
inactivation gate. P shows phosphorylation sites (adapted from [15]). 
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Fic. 3. Schematic diagram of the voltage-gated Nat channel protein which spans the membrane. The charged voltage 

sensor is linked to an internal gate. The pore narrows at the selectivity filter region where selection of ions takes place. 

Negative charges on the external membrane surface contribute a potential which adds to the electrical field within the 
membrane (from [41)). 


Primary structure of the Na* channel 


The biochemical identification and purification of 
the Nat channel provided the starting point for 
cloning of DNA (cDNA) complementary to mess- 
enger RNA (mRNA) coding for the Nat channel. 
Analysis of the nucleotide sequence of the cloned 
cDNA together with knowledge of the genetic code, 
yielded the entire amino acid sequence of the « 
subunit protein [62]. It was found that the o subunit 
consists of four repeated sequences of amino acids 
(I-IV), and that within each of these repeats there 
are thought to be six membrane-spanning hydro- 
phobic domains (S1—S6) and connecting intra- and 


extracellular loops (see fig. 2). It is believed that the 
membrane-spanning domains assume an & helical 
structure. The aqueous pore of the channel is formed 
in this model by assuming that one or two of the 
membrane-spanning regions of each repeat are 
arranged like the staves of a barrel, forming the pore 
lining. There is evidence from work on the Kt 
channel that this function is assumed by the 
membrane-spanning loop of amino acids between S5 
and S6, often referred to as SS1—SS2 (short segments 
1 and 2) (see fig. 6). 

Several investigations have expanded the argu- 
ments so that it is now possible to assign functions to 
particular regions, or indeed even more impressively, 
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to specific amino acids. The specific properties of 
voltage sensitivity, ionic selectivity and inactivation 
can begin to be described in molecular terms. Also, 
the target residues for specific toxins, such as 
tetrodotoxin have been defined. This exciting pros- 
pect is made possible by the combined use of site- 
directed mutagenesis and patch-clamp recording in 
oocytes injected with mRNA derived from cDNA 
[35, 85, 86, 88]. One intriguing question is what is 
the basis of the voltage sensitivity of the Nat 
channel? One of the membrane-spanning regions, 
S4, is highly conserved between Na* channels from 
different species. It is also homologous to the 
equivalent regions of voltage-gated K* and Ca?* 
channels. It has therefore been proposed that the S4 
region is the voltage sensor of the 10n channel, that is 
this region may detect changes in the electric field 
within the membrane and respond by producing 
conformational changes in the channel protein. For 
membrane depolarization (a less steep electric field) 
the conformational transition results in Nat channel 
opening. The simplest voltage sensor to visualize is 
a structure which is charged and may move under 
the influence of the electric field. What is unique 
about the $4 region is that there are positively 
charged arginine or lysine residues at every third 
position [62]. These positively charged, but still 
hydrophobic (and therefore membrane spanning), 
segments have the appropriate credentials to act as 
membrane “voltmeters”. Supporting this view is 
the finding that if the positively charged amino acid 
residues are replaced by neutral or negatively 
charged residues (by site-directed mutations), the 
voltage sensitivity of the Nat channel gating is 
reduced. This is normally deduced from plots of Nat 
conductance (JNa or mł) vs voltage [85]. 

Similar experiments indicate that a glutamate 
residue located in the extracellular loop connecting 
(in repeat I) the S6 domain with the SS1-SS2 loop 
(short segments 1 and 2, see figs 2 and 6) is the 
putative binding site for tetrodotoxin. Neutralizing 
this acid residue reduces dramatically the sensitivity 
of the Nat channel to tetrodotoxin [63]. Other 
mutations indicate that lysine and alanine residues, 
in repeats III and IV, are critical determinants of the 
ionic selectivity of the Nat channel. Do these 
residues form parts of the so-called selectivity filter 
of the channel structure [39, 40]? An intracellular 
loop which connects repeats III and IV is likewise 
thought to be critical for the Na+ channel inactivation 
process. The evidence is that cleavage of this linkage 
results in a dramatic reduction in the rate of channel 
inactivation after depolarization [85]. The inactiva- 
tion machinery has long been known to be accessible 
to attack by enzymes (e.g. pronase) applied to the 
cytoplasmic side [6] so that it is not surprising that 
the inactivation gate resides allegedly on a cyto- 
plasmic loop. In fact, it appears that cytoplasmic 
domains are important for inactivation of certain 
voltage-gated Kt channels also. This may therefore 
be an additional uniform feature of channel struc- 
ture. 


Operational model of the Na* channel 
It is now possible to imagine an operational model 


of the Nat channel protein, which highlights the 
unique properties of such a structure [41]. Figure 3 
shows a schematic version of the channel. Func- 
tionally, it is convenient to distinguish between two 
fundamentally different channel operations: Nat 
channel gating and the Nat permeation process. 
Models of both these processes have been discussed 
in detail previously [11, 25, 41,92]. As indicated 
above, there is now a clearer molecular picture of the 
voltage sensor which operates the channel gate to 
open the channel. This sensor responds to changes in 
the electric field in the membrane and the field 
profile depends in part on the size of the negative 
surface potential at the outer and inner surfaces of 
the membrane. These negative charges may be 
derived from phosphate groups or sugars, such as 
sialic acids (see fig. 3). Divalent cations, such as Ca** 
and possibly certain anaesthetics (see below), can 
change the surface potential, modifying the electrical 
gradient within the membrane. The channel gate is 
represented as a barrier on the inner side of the 
channel where it is accessible to attack by chemical 
reagents. 

Voltage-gated Na* channels are either fully open 
or closed: there are no intermediate conductance 
levels as is often found in other ion channels. At 
physiological ion concentrations, the channel is often 
treated as a one-ion pore, that is only one ion is 
allowed inside at any time [92]. The principal energy 
barrier to ion permeation occurs at a region within 
the channel which 1s oxygen-lined with an opening 
of 0.3-0.5 nm [40]. This is the selectivity filter (see 
fig. 3). Estimates of its size stem from studying what 
is permeant and what is not. Systematic analysis of 
the permeability of the Nat channel to different alkali 
metal cation and organic cations showed that per- 
meability decreased with increasing ionic radius (e.g. 
Nat:K* permeability = 12:1). Some alkali metal 
cations (Lit, Nat, Kt), NH,* and several organic 
cations, which can form hydrogen bonds with the 
channel wall, pass through but no molecules with 
diameters of 0.6 nm or more are permeant [38—40]. 
Permeant cations are thought to interact with an 
acidic group within the channel during transit. 
Protonation of this group therefore results in reduced 
Nat channel conductance. 


Modification of Nat channel properties 

An array of agents modify the properties of 
neuronal Nat channels. Indeed some early valuable 
clues to the architecture of the Nat channel were 
provided by pharmacological studies with a variety 
of neurotoxins, enzymes and chemical reagents. For 
example, trimethyloxonium ion, which methylates 
carboxylic acids, decreases the binding of tetrodo- 
toxin. This provided evidence that these groups are 
critical for the interaction of the toxin with the Nat 
channel [81]. Similarly, the finding that inactivation 
can be removed by intracellularly applied enzymes, 
such as pronase and trypsin, raised the possibility 
that residues, such as arginine or lysine, were 
important for the expression of inactivation. More 
recently it has been shown that sialic acids may 
influence Nat channel gating. Treatment of eel 
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Fic. 4. Receptor sites for toxins, pronase and local anaesthetics 
on the Nat channel protein. Four separate toxin sites are shown 
for tetrodotoxin (TTX), batrachotoxin (BTX), scorpion and 
coelenterate peptide a toxins (a~ScTx and ATX) and scorpion 
peptide B toxin (B-ScTX). Pronase (together with iodate and N- 
bromoacetamide (NBA)) acts internally. The local anaesthetics 
CLA) locate (bind) within the Nat channel (from [41]). 


electroplax Na* channels (reconstituted into lipid 
vesicles) with neuraminidase to remove sialic acids, 
shifted the activation curve for the Na* channel 
conductance by more than 30 mV [67]. 

For Nat channels it is important to distinguish 
between two classes of drugs with different actions. 
Toxins such as tetrodotoxin and saxitoxin (found in 
marine dinoflagellates) act as channel blockers-— 
literally external plugs at the channel mouth. Many 
other naturally occurring neurotoxins and enzymes, 
however, modify the kinetics of gating. The proposed 
target sites for some of these agents are shown 
in figure 4. Clearly there are at least four different 
target sites for neurotoxins, each of which modifies 
the channel properties differently (see also [15]). As 
indicated previously, tetrodotoxin and saxitoxin 
which carry guanidinium groups (guanidinium ions 
are permeant) enter the channel and block from the 
outside. Scorpion and coelenterate peptide and 
toxins also act from the outside but at a different site 
to that of tetrodotoxin. These toxins do not block 
Nat channels, in fact they slow Nat channel 
Inactivation producing persistent inward Na* cur- 
rents and prolonging the action potential. Scorpion 
peptide B toxin acts at a third external site to modify 
the activation of Nat channels. By shifting the 
voltage dependence of Nat channel activation in an 
hyperpolarizing direction, this toxin acts as a Nat 
channel agonist. Nature has provided a wealth of 
other Na* channel agonists which are lipid soluble 
toxins and which act at a separate site within the 
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membrane. Such toxins include the alkaloid veratro- 
idine (from the lily family), batrachotoxin (from the 
Colombian arrow poison frog) and grayanotoxins 
(from rhododendrons). 

The neurotoxins, several enzymes and select 
chemical reagents have proved to be effective tools to 
dissect the properties of the neuronal Nat channel 
providing useful chemical information (in the days 
before molecular biology) on which to build a 
molecular picture of the workings of the channel 
protein. 


Anaesthetic interactions 


Local anaesthetics block propagating action poten- 
tials by “plugging” voltage-gated Nat channels at a 
site within the channel beyond the cytoplasmic gate. 
Many other anaesthetic classes (e.g. barbiturates, 
alcohols, inhalation) also modify Nat channel func- 
tion [89]. In all cases these agents reduce inward Na* 
currents. However, it is important to note that this 
reduction is not always achieved in a uniform way. 
Several principal effects have been described which 
may be discussed in the context of the channel model 
shown in figure 4. 

Local anaesthetics are lipid soluble amines which 
are uncharged at pH > 8.5 and positively charged at 
pH < 6. The uncharged form is the lipid soluble 
one. Important clues to the mechanism of action of 
this class of anaesthetics came from experiments 
with QX-314 (a quaternary deviative with a per- 
manent positive charge) and GEA-968 (a lignocaine 
analogue). QX-314 blocks Na* channels only when 
applied to the inside of the neurone and the drug has 
to access its binding site through the open cyto- 
plasmic gate [84]. The drug also produces a cumu- 
lative block with repeated channel openings [84], 
that is more anaesthetic becomes bound with each 
opening of the channel. This ts known as use- 
dependent block and can only be achieved if the 
anaesthetic does not unbind at rest [19]. Use- 
dependent block is produced also by the hydrophilic 
GEA-968 [19] and the more hydrophobic lignocaine. 
The more frequently the Nat channels are opened, 
the greater the degree of block (fig. 5). The difference 
with GEA-968 and lignocaine, however, is that they 
can exit the closed channel, Hence it is necessary to 
stimulate at a greater frequency to achieve cumu- 
lative block. In this case it appears that there is a 
hydrophobic route of exit (through adjacent lipid) in 
addition to a hydrophilic path through the open gate 
at the channel mouth (fig. 5). This type of model, 
elaborated by Schwarz, Palade and Hille [76], 
predicts that the more charged the local anaesthetic 
agent the closer its action will resemble QX-314 in 
producing use-dependent block. If the local an- 
aesthetic is neutral, like benzocaine, the hydrophobic 
pathway dominates the interaction and there is no 
use-dependent block. 

The multiple actions of anaesthetics can best be 
appreciated by comparing different classes of agents. 
The work of Haydon and colleagues illustrates this 
well [32~34, 37]. The hydrocarbons produce clear 
shifts in the negative direction of the steady state 
inactivation (ka) vs voltage curve of the Nat channel 
of squid axon [32]. These agents also suppress 
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Fic. 5. A: The proposed location of the local anaesthetic binding 
site within the channel and the possible routes of access to and exit 
from that site (from [76]). B: Frequency dependent block of the 
inward Na* current in the frog node of Ranvier by lignocaine 
0.5 mmol litre. The effects of stimulating the nerve at 1, 2, 4 and 
8 Hz on the reduction of Na* permeability (Pwa) by lignocaine are 
shown. The block achieved by each successive pulse is frequency 
dependent. Note the data are expressed as a fraction of the initial 
reduced Py, in the presence of lignocaine and the dotted line is an 
estimated time course of recovery from the extra block achieved 
by each first depolarizing pulse (from [42]). 


maximum Nat conductance (#Na). This is explained 
by proposing that these agents thicken the membrane 
which is postulated to have two effects. First, the 
electric field profile would be reduced. This would 
account for the shift in the h,, curve along the 
voltage axis. Second, it is suggested that this 
thickening results in destabilization of the Nat 
channel structure which clearly must span the 
membrane to remain functional. This might explain 
the supression of gNa. In comparison, the alcohols 
and inhalation anaesthetics produced smaller (or 
negligible) shifts in the A,, curve and smaller (or no) 
reductions in Na [33, 34]. The implication is that 
these agents do not thicken the axon membrane or 
that another effect offsets any action of this type. In 
this context it is interesting to note that the alcohols 
and the inhalation anaesthetics shift the steady state 
activation vs voltage curve (m,,) in a depolarizing 
direction. This action is ascribed to an unequal effect 
of some of these agents on the external and internal 
surface potentials (see fig. 3). 


Cubans Kt CHANNELS 

In contrast to voltage-gated Nat channels, Kt 
channels represent a heterogeneous family of mem- 
brane proteins [28, 51, 71]. They subserve a number 
of roles which include setting the resting membrane 
potential, shaping action potentials, controlling ac- 
tion potential discharge patterns and terminating 
bursts of activity. Subtypes such as the delayed 
rectifier, M and A types, are voltage-gated and in 
some cases regulated also by transmitters (e.g. the M 
channel is closed by muscarinic agonists); others are 
voltage-dependent and activated by increases in 
cytoplasmic Ca*+ (the maxi-K* channel) or activated 
by increases in cytoplasmic Ca**, and transmitter 
regulated (SK channel—Ca* activated K* channel of 
small conductance); finally, others are regulated by 
intracellular ATP. Some subtypes (e.g. A and D 
channels) of K* channels activate and then inactivate 
after depolarization, as in the case of Nat channels: 
others show no inactivation. Detailed descriptions of 
the properties of these K* channel subtypes have 
been described previously [12, 28,51, 71]. This 
review can only hope to provide an introduction to 
the structure and function of this important ion 
channel family. Since the equilibrium potential for 
the Kt ion is approximately —90 mV under normal 
physiological conditions, it is clear that activation of 
any of the Kt channel subtypes will exert a 
repolarizing influence or induce hyperpolarization, 
depending on the voltage at which the channel is 
activated. In this sense, K+ channel activation will 
result in an outward current which will tend to 
reduce membrane excitability, that is serve as an 
effective brake on the activity of the neurone. 
Density 

In the absence of appropriate ligands of high 
specificity for any Kt channel, K+ channel densities 
cannot be calculated readily by computing the 
number of binding sites (m`?) for an attacking 
molecule, Hence it is necessary to use electrophysio- 
logical estimates. As for Nat channels, estimates 
have been made by dividing the macroscopic peak 
conductance (uum~*) by the single channel conduc- 
tance. For the delayed rectifier K* current of 
peripheral unmyelinated nerves this yields a density 
of 20-30 ym™*. The density of delayed rectifier 
channels in the nodal membrane of myelinated 
nerves is considerably greater (100-1000 tum~*). The 
density of packing in neuronal membranes of other 
K+ channel subtypes is at present unknown. 


Primary sequence of the channel 

The small abundance of K* channel proteins in 
excitable membranes, coupled with their hetero- 
geneity, has made it impractical to adopt the 
purification approach utilized so successfully for the 
Nat channel, although progress has been made with 
particular ligands [60, 68]. Fortunately, a mutation 
in the K* channel gene in Drosophila was known and 
this paved the way for a genetic approach. This 
Shaker mutation results in leg shaking under ether 
anaesthesia. Electrophysiological studies in Shaker 
mutant larvae showed that transmitter release at 


Extracellular 











—————— 
Se 
g) 
Q) 
Se 
+++ 











Fic. 6. A: Proposed transmembrane folding of the amino acid 
chains of the Shaker A type K* channel. Note the membrane- 
spanning segments Sl-S6, the positively charged S4 voltage 
sensor and the $$S1—SS2 linkage between $5 and S6 which is the 
putative pore lining. B: The SS1~SS2 regions consist of 19 amino 
acids, residues 1, 11 and 19 are the proposed binding sites for 
tetraethylammonium ion; residues labelled (+) are the target sites 
for charybdotoxin, mutations at * influence ionic selectivity. C: 
View looking down the mouth of the pore. The channel is 
proposed to be tetrameric (I-IV) with the $S1-S$2 loops coming 
` together like the staves of a barrel to form the pore (P). 
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the neuromuscular junction was increased, thus 
producing large, prolonged postsynaptic potentials 
in the larval muscles. Voltage-clamp studies [75] 
identified the mutation in the A type K* current (a 
voltage-gated rapidly inactivating Kt channel). The 
chromosomal location of the mutation was mapped 
and the K* gene was cloned and sequenced. When 
expressed in oocytes, the clone gives rise to in- 
activating (A type) K* currents. A number of Kt 
channel genes homologous to the Shaker gene have 
now been cloned in both Drosophila and mammalian 
systems [47, 74,87]. When these clones are ex- 
pressed they result in K* channels with different 
speeds of inactivation. Some clones encode for Kt 
channels which inactivate rapidly (e.g. Shaker, Shal 
from Drosophila, MBK1 from mouse), others encode 
for K* channels with slower inactivation (e.g. Shab 
from Drosophila). Finally, there are clones which 
encode for K* channels with no inactivation—a 
delayed rectifier type K* channel (e.g. Shaw from 
Drosophila, RCK1 from rat). The families of K+ 
channel genes (and the confusing nomenclature) are 
tabulated [47]. Therefore, this suggests one reason 
at the genomic level for the heterogeneity of Kt 
channels. There are a number of genes which give 
rise to different channel protein products. Alterna- 
tively, post-translational events may be responsible 
for some of the diversity of K* channels. Post- 
translational processing appears to confer sensitivity 
to charybdotoxin. Shaker K* channels are sensitive 
to charybdotoxin when expressed in oocytes but not 
in the muscle cells of Drosophila. The question of Kt 
channel diversity has been discussed in detail 
elsewhere [47]. 

The Shaker gene for the K* channel encodes for a 
protein which is equivalent to one of the four 
subunits of the Nat channel (fig. 6). Functional Kt 
channels are therefore thought to be formed from the 
co-assembly of four identical (or at least similar) 
subunits. The evidence that the functional Kt 
channel was tetrameric was derived from experi- 
ments where different cDNA were expressed in the 
same oocytes. Imagine that the protein products of 
two separate cDNA were different in some way. 
Perhaps the products (channels) differ in their 
kinetics of inactivation or sensitivity to charybdo- 
toxin. If the cDNA are now co-expressed then a 
heterotetrameric K* channel (or hybrid or chimeric 
K* channel) with properties intermediate between 
the two extremes was produced [45, 53]. Of course if 
the subunits of neuronal K* channels are different 
then such heterotetrameric channels would have 
properties different to homotetrameric channels. 
Perhaps this is another reason for K* channel 
diversity. 

What is the arrangement of amino acids within one 
subunit? This is shown in figure 6. As for the Nat 
channel, the amino acid chain makes a number of 
crossings of the membrane. There are six 
transmembrane-spanning segments (S1—S6), a short 
loop of amino acids within the membrane between 
S5 and S6 (known as SS1—SS2, short segments 1 and 
2) and significant intracellular domains (the NH, and 
carboxyl termini). The total number of amino acids 
in the unit is 610. 
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TABLE II. K* channel pharmacology 


Channel type Blocker 
Delayed rectifier, Tetraethylammonium ion 
M channel, 


Maxi-K* channel 


A channel, D channel Dendrotoxins, 
aminopyridines 
Maxi-channel Charybdotoxin 
Small Ca?t-dependent Apamin 
K+ channel 


By analogy with Na* channels (see above), the S4 
transmembrane segment, with basic residues at every 
third position, is thought to be the voltage sensor of 
the K+ channel. Mutations within this region modify 
the voltage dependence of activation [52, 65], 
although substitution of each of the seven positive 
charges (by glutamine) in turn did not produce an 
equal reduction in the sensitivity of the channel to 
voltage [65]. The arguments that the SS1-SS2 loop 
constitutes the ion pore of the Kt channel are 
summarized elsewhere [48, 54]. The pore is thought 
to be formed from a stretch of approximately 19 
amino acids. The evidence for this is derived from 
analysis of the target residues for charybdotoxin and 
tetraethylammonium ion and the effects of mutations 
on ionic selectivity. Site-directed mutagenesis identi- 
fied two groups of amino acids (separated by a short 
stretch of amino acids) which are critical for the 
binding of charybdotoxin [56]. It was proposed that 
these were present at the mouth of the channel (see 
fig. 6). Mutations of residues 1 and 19 affect block by 
external tetraethylammonium ion: a mutation at 
residue 11 affects block by internal tetraethyl- 
ammonium ion. Mutations at positions 3 and 1] 
increased the permeabilities to NH,*+ and Rb* over 
K+ [94]. The interpretation of these findings is that 
the SS1-—SS2 region, despite its short length, forms 
a hairpin turn within the membrane stretching from 
the outside to the inside channel mouth. 

What is the mechanism of K+ channel inactiva- 
tion? The Shaker Kt channel family members 
possess both variable inactivation rates and a dif- 
ferent amino acid sequence in the intracellular amino 
and carboxyl termini. This suggests that these 
intracellular loops constitute part of the inactivation 
gating machinery (see Nat channels above). The fast 
inactivation process of the Shaker K+ channel has 
little voltage dependence: this supports the view that 
the inactivation gate resides in a domain that does 
not span the membrane. Site-directed mutagenesis 
in conjunction with patch-clamp recording in 
oocytes has pinpointed the inactivation gate [44]. 
Removal of positively charged residues (lysine and 
arginine) slowed dramatically the inactivation rate. 
In an elegant set of experiments, Zagotta, Hoshi and 
Aldrich showed, in expression studies, that internal 
application of a synthetic peptide (first 20 amino 
acids of the NH, terminus) to an inside-out mem- 
brane patch containing non-inactivating mutant 
channels restored fast inactivation [95]. The inactiva- 
tion gate can be visualized physiologically as an open 
channel blocker [20]. The “receptor”? for the 
inactivation gate is thought to reside with acidic 


residues in the S4—S5 loop [46]. The NH, terminus 
gate (20 amino acids) of the channel protein is 
attached to the cytoplasmic side of the channel (by 
about 60 amino acids) and somehow “swings in”, 
binds to the $4-S5 loop and blocks the channel. This 
is the “ball and chain ” model of channel inactivation 
proposed initially for the Nat channel by Armstrong 
and Bezanilla [5]. One obvious difference between 
the K* channel and the Nat channel inactivation 
processes is that in the case of the former, there are 
four tethered inactivation gates. 


Pharmacology of K* channels 


Although there are few modulators of K* channel 
function which act with the same specificity as the 
neurotoxins do for the Nat channel, several interest- 
ing Kt channel blockers are available which have 
been useful both in dissecting macroscopic Kt 
currents and in the study of single channels [13, 59, 
60, 68]. The more important of these and their 
targets are shown in table IJ. Because these ligands 
block Kt channels, removing the restraining influ- 
ence on membrane excitability, these agents (e.g. 
aminopyridines, dendrotoxin) often have convulsant 
properties, although there are differences in the type 
of convulsion produced. The interaction of the 
tetraethylammonium ion with the delayed rectifier 
channel has been the most extensively studied and 
has generated the first “molecular” description of 
K* channel function [3,4]. Some aspects of this 
interaction are outlined below. The aminopyridines 
(e.g. 4-aminopyridine) and dendrotoxin (peptide 
isolated from the venom of the green mamba, 
Dendroaspis angusticeps) block A and D type Kt 
channels which carry transient outward currents [29, 
83] in response to depolarization (i.e. they show 
inactivation). Ca*t-dependent Kt channels in neu- 
rones (as in other tissues) may be distinguished on 
the basis of their respective single channel conduc- 
tances. In patch-clamp recordings with symmetrical 
140 mmol litre of K* solutions, these are approxi- 
mately 200 pS and 20 pS for the maxi-K* channel 
and the SK K* channel, respectively [49, 50, 78]. 
The maxi-channel is also more sensitive to voltage 
than the SK subtype. The fraction of time the maxi- 
Kt channel spends in the open state, which depends 
on both the frequency of opening and the average 
duration of the open state of the channel, increases 
markedly with depolarization. In some tissues the 
maxi-K* channel and the SK subtype can be dis- 
tinguished by sensitivities to the blockers charybdo- 
toxin and apamin (bee venom peptide). This is also 
true for the anterior pituitary cell line, GH, cells 
[50], but may not be the case for neurones [49]. 
These blocking agents have been useful tools in the 
study of K* channels and in some cases molecular 
biological studies have now pinpointed the binding 
sites. However, these agents often affect more than 
one Kt channel type [55,66]. In addition to K* 
channel blockers a range of K* channel openers are 
known [18, 21]. The actions of these blockers on 
neuronal K+ channels are not yet clear. One probable 
target for these agents is the neuronal ATP-sensitive 
K* channel [8]. 

The actions of some of the blockers have been 
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analysed in detail and it appears that tetraethyl- 
ammonium ion and charybdotoxin are channel plugs. 
Interestingly there are receptors for tetraethyl- 
ammonium ion on both the outer and inner aspects 
of the delayed rectifier K* channel. In squid axon, 
only internal tetraethylammonium is effective. In 
myelinated nerve, tetraethylammonium ion acts both 
internally and externally. A systematic analysis of K* 
channel block by tetraethylammonium ion in the 
squid axon was carried out by Armstrong and 
colleagues [3,4, 7]. Their conclusions, which are 
still valid, are that the receptor or binding site for 
tetraethylammonium ion is in the channel beyond 
the gate, and that access to this site from the 
axoplasmic side is possible only when the channel 
gate is opened. The block is achieved more readily 
by quaternary derivatives of tetraethylammonium 
ion (QA), such as nonyltriethylammonium ions 
which have a longer hydrophobic tail. The block 
persists as long as the tetraethylammonium ion or 
QA ions are trapped beyond the gate of the closed 
channel, and the channel must open to allow the 
blocking ion to exit. These ideas are analogous to the 
proposals for block of the Nat* channel by local 
anaesthetics and indeed preceded, and no doubt 
prompted, such thinking. Part of the evidence for the 
model of the interaction of tetraethylammonium ion 
with the delayed rectifier is that internal tetraethy}- 
ammonium ion blocks outward K* current more 
readily than inward Kt current. Also, external Kt 
promotes the dissociation of the blocking drug from 
its binding site, that is inward K* currents reduce the 
block by tetraethylammonium ion. If the blocking 
position for tetraethylammonium ion lies within the 
channel beyond the channel gate, this means that the 
architecture of the K* channel would resemble that 
proposed for the Nat channel, with a wide aqueous 
chamber between the channel gate and selectivity 
filter. Block of the maxi-K* channel by tetraethyl- 
ammonium ion has been studied also in some detail 
in sympathetic neurones under patch-clamp [78]. 
The drug is less effective internally than externally 
and the block-unblock process is faster (i.e. the 
lifetime of the tetraethylammonium ion receptor 
complex is shorter) with internal tetraethyl- 
ammonium ion. 


Role of K* channels 


K* channels are a very diverse family of membrane 
proteins and it is clear that many of the K* channel 
subtypes can co-exist in individual neurones in the 
central nervous system. Fewer subtypes may be 
present in peripheral nerve axons. Indeed it would 
be interesting to know what is the distribution of the 
various K* channels in nerve ceils? Are subtypes 
present on the somatic rather than the axonal 
membrane? Are different K* channels present on 
dendrites or nerve terminals? These issues remain 
unresolved. What is clear is that these channels have 
several important roles to fulfil. Some of these may 
be considered briefly. 

First, a high K+ conductance is responsible for 
the resting membrane potential. Which K* channels 
are likely to be involved? Obvious candidates are the 
inward rectifier K+ channels and the Ca?*-activated 
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K+ systems. The inward rectifier channels (see [28]) 
would pass outward Kt current at potentials close to 
the K* equilibrium potential (£,) when the outward 
electrochemical gradient is small. This channel 
therefore may contribute to the resting potential. 
The Ca**-activated K* channels may be open at the 
resting membrane potential when [Ca?*], is close to 
normal values (i.e. 100 nmol litre). It may become 
apparent that the SK channel is more important than 
the maxi-K* channel in contributing to resting Kt 
conductance. 

In the squid giant axon, the repolarization of the 
action potential is brought about by activation of the 
delayed rectifier. Block of this channel by tetraethy]l- 
ammonium ion therefore increases the duration of 
the action potential. In hippocampal neurones, 
repolarization of the action potential is slowed by 
both tetraethylammonium ion and charybdotoxin (a 
maxi-K+t channel blocker). This raises the possibility 
that the maxi-Kt channel mediates repolarization of 
these neurones [82]. The after-hyperpolarization 
after a single action potential is also reduced by 
charybdotoxin in the hippocampus. It may be that 
more than one K* channel subtype is responsible for 
repolarization in some central neurones. 

Transient K* currents, such as the A current, are 
activated on depolarization, then as the channels 
inactivate rapidly (< 100 ms), the current decays. 
Such A type channels are important determinants of 
neuronal excitability and the action potential firing 
pattern also. If the A channel is blocked by 4- 
aminopyridine for example, the threshold current 
may be reduced (excitability increase) and repetitive 
action potential discharge may be produced. For the 
A channel to be effective however it is important to 
note that the resting membrane potential of the 
neurone must be sufficiently negative to remove A 
channel inactivation. 

This certainly occurs during the after-hyper- 
polarization after an action potential and for this 
reason it was originally proposed that the A current, 
primed by hyperpolarization but switched on by 
depolarization, acted to oppose depolarizing currents 
and therefore controlled the rate at which the 
membrane potential approached the threshold for 
action potential generation. In this sense the A 
channel is setting the frequency of action potential 
discharge. 

Other K* channel subtypes modulate firing pat- 
terns. These include the D channel [83], the M 
channel [12] and the SK channel [49]. One inter- 
esting and important property of central neurones is 
their ability to accommodate to a depolarizing input. 
This feature of neuronal behaviour has been studied 
in detail in motoneurones and in hippocampal 
neurones where the accommodation of action po- 
tential discharge is controlled by a Ca?*-activated Kt 
conductance (probably supported by the SK chan- 
nel), and in the case of hippocampal neurones, the M 
conductance [58,93]. These Kt channel subtypes 
exert a braking influence on the activity of the 
neurone such that a repolarizing ‘‘sag’’ is often 
observed during the response to depolarization and a 
large multi-component after-hyperpolarization fol- 
lows the response (see fig. 7). Block of these channels 
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Fic. 7. The accommodation (or adaptation) of action potential discharge in central neurones. The responses of two 
rat hippocampal CAI neurones to long (800 ms) depolarizing currents (Al, B1) and the after-hyperpolarizations after 
the responses to an 80-ms depolarizing current (A2, B2) are shown. The filled arrow in B1 indicates the typical “sag” 
in the voltage response. The open arrows in Bl and B2 show the after-hyperpolarizations associated with the responses. 
These features of the response are thought to be controlled by the M type and SK type K* channels. 
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Fic. 8. Response of a rat vagal motoneurone to a long depolarizing current pulse. A and B show the control responses 

at two different sweep speeds, c and D show the responses at the equivalent two sweep speeds in the presence of Cd** 

ions 5 mmol litre"! to block Ca?* entry. Note the abolition of accommodation of action potential discharge (c) and the 
reduction in the after-hyperpolarization (D) (from [93]). 


results in a loss of the sag, an increase in the number 
of action potentials in response to a depolarizing 
input and a decrease in the after-hyperpolarization. 
This can be achieved for example by blocking the 
Ca** entry required to prime the Ca**-activated Kt 
conductance (fig. 8), or by muscarinic agonists such 
as carbachol which switch off the M channel [57, 58]. 
These channels control the encoding properties of 
neurones and many transmitters and some anaes- 
thetics can modulate encoding by modifying con- 
ductance in these channel systems. 

Ifthe appropriate K* channel subtypes are present 
in nerve terminal membranes, modulation of Kt 
channel function could result in changes in trans- 
mitter release. Several K* channel blockers, in- 
cluding dendrotoxin, 4-aminopyridine and noxius- 
toxin enhance transmitter release [30, 77]. It may be 
that regulation of presynaptic K* channel subtypes 
by transmitters is a significant mechanism for 
controlling transmitter discharge and that this is an 
important physiological role for such channels. 


Effects of transmitters 


The properties of many Kt channel subtypes of 
central neurones may be modified by transmitters. 
As indicated above, the M channel may be switched 
off by muscarinic agonists. It is also inhibited by 5- 
hydroxytryptamine and activated by somatostatin. 
The accommodation of action potential discharge 
and the after-hyperpolanization of hippocampal 
neurones is reduced by acetylcholine, noradrenaline, 
histamine, 5~-hydroxytryptamine and dopamine (see 
[17, 28, 57] for references). This suggests that one 
class of Ca**-activated Kt conductance (SK subtype) 
is under transmitter control also (i.e. switched off). 
The voltage-gated A channel is blocked by noradren- 
aline in hippocampal neurones and dorsal raphé 
neurones [1,72]. Here, the A channel is coupled 
to beta adrenoreceptors in the hippocampus and 
alpha, adrenoreceptors in the raphé neurones. 
Neurones in the striatum and substantia nigra 
possess K* channels which are activated by D, 
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Fic, 9. A: Reversible effect of halothane (1 MAC) on the rhythmic 

action potential activity of a neurone in Lymmea stagnalis. Note the 

large hyperpolarization and the cessation of firing. B: Current- 

voltage relationship for the Kt current activated by the an- 

aesthetic. Data are shown at 2.5 and 10 mmol litre? of [K*], in 
the absence and presence of halothane (from [22]). 


receptor agonists [23,69]. It is clear that many 
transmitter substances express their action via Kt 
channel subtypes. This effect is so widespread that 
where the transmitters activate the conductance and 
induce hyperpolarization (e.g. dopamine) [69], a 
separate category of K+ channel subtype, the agonist 
activated Kt channel, may be proposed [28]. 


Effects of anaesthetics 


Anaesthetics affect several different Kt channel 
subtypes [80, 89,90]. As a consequence, they in- 
crease the duration of the action potential, depolarize 
or, more usually, hyperpolarize and modify dis- 
charge patterns—for example reduce the accom- 
modation of action potential discharge. Indeed it 
appears that in invertebrate neurones there is a class 
of K* channel which contributes to the resting 
conductance and potential which is particularly 
sensitive to volatile anaesthetics. There is an interes- 
ting difference between the effects observed in the 
two systems studied however. For the squid giant 
axon, general anaesthetics block a K* channel and 
depolarize [31]: for neurones of Lymnea stagnalis, 
anaesthetics activate a K* channel and hyperpolarize 
[22]. This latter effect, which is more common across 
the species (see [80, 90] for references), is shown in 
figure 9. Volatile anaesthetics and methohexitone 
often hyperpolarize hippocampal neurones, presum- 
ably by activating K* conductance [79, 80]. It is 
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Fic. 10. Chart records of the response of a rat hippocampal CAI 
neurone to an 800-ms depolarizing current pulse. a: Control 
response, the arrow indicates the voltage “sag” and the area 
beneath the dotted line is the after-hyperpolarization (AHP). B: 
Isoflurane (vaporizer dial setting 5%) reduces both the ac- 
commodation of action potential discharge and the AHP. c: 
Antagonism of the action of the anaesthetic. The AHP returns to 
normal, accommodation is restored partially. D: Depolarizing 
current pulse (from [80]). 


tempting to speculate that the K* channel subtype is 
the agonist-activated K* channel (see above), switch- 
ing on of which often produces hyperpolarization. 
It appears that in hippocampal neurones, at least 
some anaesthetics have a dual action since they 
can also reduce accommodation of action potential 
discharge and the following after-hypepolarization. 
This effect is analogous to that of many transmitters 
and is shown in figure 10. The implication is that the 
activity of the M and SK type K* channels is 
suppressed by these anaesthetics. There are voltage- 
clamp data to support this conclusion in the case of 
the M channel [90]. These effects of anaesthetics on 
K* channel subtypes may underlie the changes 
in neuronal excitability and firing patterns often 
observed with such agents. 


REFERENCES 


1. Aghajanian GK. Modulation of a transient outward current 
in serotonergic neurones by alpha,-adrenoceptors. Nature 
(London) 1985; 315: 501-503. 

2. Agnew WS. Voltage-regulated sodium channel molecules. 
Annual Review of Physiology 1984; 46: 517-530. 

3. Armstrong CM. Interaction of tetracthylammonium ion 
derivatives with the potassium channels of giant axons. 
Journal of General Physiology 1971; 58: 413-437. 

4. Armstrong CM. Ionic pores, gates and gating currents. 
Quarterly Review of Biophysics 1975; 7: 179-210. 


NEURONAL SODIUM AND POTASSIUM CHANNELS 13 


5. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29, 


Armstrong CM, Bezanilla F. Inactivation of the sodium 
channel. IJ. Gating current experiments. Journal of General 
Physiology 1977; 70: 567-590. 


. Armstrong CM, Bezanilla F, Rojas E. Destruction of sodium 


conductance inactivation in squid axons perfused with 
pronase. Fournal of General Physiology 1973; 62: 375-391. 


. Armstrong CM, Binstock L. Anomalous rectification in the 


squid giant axon injected with tetraethylammonium chloride. 
Journal of General Physiology 1965; 48: 859-872. 


. Ashford MLJ, Sturgess NC, Trout NJ, Gardner NJ, Hales 


CN. Adenosine-5-triphosphate-sensitive ion channels in 
neonatal rat cultured central neurones. Pfligers Archiv 
1988; 412: 297-304. 


. Barchi RL. Sodium channel diversity: subtle variations on a 


complex theme. Trends in Neurosciences 1987; 10: 221-223. 


. Barchi RL. Probing the molecular structure of the voltage- 


dependent sodium channel. Annual Review of Neurosctence 
1988; 11: 455-495. 


. Bezanilla F. Gating of sodium and potassium channels. 


Journal of Membrane Biology 1985; 88: 97~111. 


. Brown DA. M Currents. In: Narahashi T, eds. Jon channels, 


volume 1. New York and London: Plenum Press, 1988; 
55-94, 


. Castle NA, Haylett DG, Jenkinson DH. Toxins in the 


characterization of potassium channels. Trends in Neuro- 
sciences 1989; 12: 59-65. 


. Catterall WA. Structure and function of voltage-sensitive ion 


channels. Science 1988; 242: 50-61. 


. Catterall WA. Structure and function of voltage-gated sodium 


and calcium channels. Current Opinion in Neurobiology 1991; 
1: 5-13. 


. Cole KS, Curtis HJ. Electrical impedance of the squid giant 


axon during activity. Journal of General Physiology 1939; 22: 
649-670. 

Colino A, Halliwell JV. Differential modulation of three 
separate K-conductances in hippocampal CAI neurons by 
serotonin. Nature (London) 1987; 327: 73~77. 

Cook NS, Quast U. Potassium channel pharmacology. In: 
Cook NS, ed. Potasstum Channels. Chichester: Ellis 
Horwood Ltd, 1990; 181-255. 

Courtney KR. Mechanism of frequency dependent inhibition 
of sodium currents in frog myelinated nerve by the lidocaine 
derivative GEA 968. Journal of Pharmacology and Exper- 
imental Therapeutics 1975; 195: 225-236. 

Demo SD, Yellen G. The inactivation gate of the Shaker Kt 
channel behaves like an open-channel blocker. Neuron 1991; 
7: 743-753. 

Edwards G, Weston AH. Structure-activity relationships of 
K* channel openers. Trends in Pharmacological Sciences 1990; 
11: 417-422. 

Franks NP, Lieb WR. Volatile general anaesthetics activate a 
novel neuronal K* current. Nature (London) 1988; 333: 
662-664. 

Freedman JE, Weight FF. Single K* channels activated by 
D, dopamine receptors in acutely dissociated neurons from 
rat corpus striatum. Proceedings of the National Academy of 
Sciences 1988; 85: 3618-3622. 

French CR, Gage PW. A threshold sodium current in 
pyramidal cells in rat hippocampus. Neuroscience Letters 
1985; 56: 289-293. 

French RJ, Horn R. Sodium channel gating: models, mimics, 
and modifiers. Annual Review of Biophysics and Bioengineering 
1983; 12: 319-356. 

Gilly WF, Armstrong CM. Threshold channels-—~a novel 
type of sodium channel in squid giant axon. Nature (London) 
1984; 309: 448-450. 

Guy HR, Conti F, Pursuing the structure and function of 
voltage-gated channel. Trends in Neurosciences 1990; 13: 
201-206. 

Halliwell JV. K+ channels in the central nervous system. In: 
Cook NS, ed. Potassium Channels: Structure, Classification, 
Function and Therapeutic Potential. Chichester: Ellis 
Horwood Ltd, 1990; 348-381. 

Halliwell JV, Othman IB, Pelchen-Mathews A, Dolly JO. 
Central action of dendrotoxin: selective reduction of a 
transient K conductance in hippocampus and binding to 
localized acceptors. Proceedings of the National Academy of 
Sciences 1986; 83: 493-497. 


30. 


31. 


32. 


33. 


35. 


36. 


37. 


38. 


39. 


4i. 


46. 


47. 


49. 


50. 


51. 


52. 


53. 


Harvey AL, Anderson AJ. Dendrotoxins: snake toxins that 
block potassium channels and facilitate neurotransmitter 
release. Pharmacology and Therapeutics 1985; 31: 33-55. 
Haydon DA, Requena J, Simon AJB. The potassium 
conductance of the resting squid axon and its blockage by 
clinical concentrations of general anaesthetics. Journal of 
Physiology (London) 1988; 402: 363-374. 

Haydon DA, Urban BW. The action of hydrocarbons and 
carbon tetrachloride on the sodium current of the squid giant 
axon. Journal of Physiology (London) 1983; 338: 435—450. 
Haydon DA, Urban BW. The action of alcohols and other 
non-ionic surface active substances on the sodium current of 
the squid giant axon. Journal of Physiology (London) 1983; 
341: 411-427. 


. Haydon DA, Urban BW. The effects of some inhalation 


anresthetics on the sodium current of the squid giant axon. 
Journal of Physiology (London) 1983; 341: 429-439. 
Heinemann SH, Terlau H, Stihmer W, Imoto K, Numa 8. 
Calcium channel characteristics conferred on the sodium 
channel by singie mutations. Nature (London) 1992; 356: 
441-443. 

Henderson R, Wang JH. Solubilization of a specific 
tetrodotoxin-binding component from garfish olfactory nerve 
membrane. Biochemistry 1972; 11: 4565-4569. 

Hendry BM, Elliott JR, Haydon DA. The action of some 
narcotic aromatic hydrocarbons on the ionic currents of the 
squid giant axon. Proceedings of the Royal Soctety London 
Series B 1985; 224: 389-397. 

Hille B. The permeability of the sodium channel to metal 
cations in myelinated nerve. Journal of General Physiology 
1972; 59: 637-658. 

Hille B. Ionic selectivity, saturation, and block in sodium 
channels. A four-barrier model. Journal of General Physiology 
1975; 66: 535—560. 


. Hille B. Ionic selectivity of Na and K channels of nerve 


membranes. In: Eisenman G, eds. Membranes—-A Series of 
Advances, volume 3. New York: Marcel Dekker, 1975; 
255-323, 

Hille B. Iome Channels of Excatable Membranes, 2nd Edn. 
Sinauer Associates Inc., 1992. 


. Hille B, Courtney K, Dum R. Rate and site of action of local 


anaesthetics in myelinated nerve fibres. In: Fink BR, eds. 
Molecular Mechanisms of Anesthesia, Vol 1: Progress in 
Anesthesiology. New York: Raven Press, 1975; 13-20. 


. Hodgkin AL, Huxley AF. Currents carried by sodium and 


potassium ions through the membrane of the giant axon of 
Lohgo. Journal of Physiology (London) 1952; 116: 449-472. 


. Hoshi T, Zagotta WN, Aldrich RW. Biophysical and 


molecular mechanisms of SAaker potassium channel inactiva- 
tion. Science 1990; 250: 533-538. 


. Isacoff EY, Jan YN, Jan LY. Evidence for the formation of 


heteromultimeric potassium channels in Xenopus oocytes. 
Nature (London) 1990; 345: 530-534. 

Isacoff EY, Jan YN, Jan LY. Putative receptor for the 
cytoplasmic inactivation gate in the Shaker K* channel. 
Nature (London) 1991; 353: 86-90. 

Jan LY, Jan YN. How might the diversity of potassium 
channels be generated? Trends in Neurosctences 1990; 13: 
415-419. 


. Jan LY, Jan YN. Structural elements involved in specific K+ 


channel functions. Annual Review of Physiology 1992; 54: 
537-555. 

Lancaster B, Nicoll RA, Perkel DJ. Calcium activates two 
types of potassium channels in rat hippocampal neurons in 
culture. Journal of Neuroscience 19913; 11: 23-30. 

Lang DG, Ritchie AK. Tetraethylammonium blockade of 
apamin~sensitive and insensitive Ca?*-activated K+ channels 
in a pituitary cell line. Journal of Physiology (London) 1990; 
425: 117-132. 

Latorre R, Oberhauser A, Labarca P, Alvarez O. Varieties of 
calcium-activated potassium channels. Annual Review of 
Physiology 1989; $1: 385-399. 

Liman ER, Hess P, Weaver F, Koren G. Voltage-sensing 
residues in the S4 region of a mammalian Kt channel. Nature 
(London) 1991; 353: 752-756. 
MacKinnon R. Determination of the subunit stoichiometry 
of a voltage-activated potassium channel. Nature (London) _. 
1991; 350: 232-235. j 


I 
i 
i 


14 


56. 


57. 


58. 


59, 


61. 


62. 


63. 


65. 


66. 


67. 


69. 


70. 


71. 


72. 


73. 


74. 


. MacKinnon R. New insights into the structure and function 


of potassium channels. Current Opimton tn Neurobiology 1991; 
1: 14-19. 


. MacKinnon R, Heginbotham L, Abramson T. Mapping the 


receptor site for charybdotoxin, a pore blocking potassium 
channel inhibitor. Neuron 1990; 5: 767-771. 

MacKinnon R, Miller C. Mutant potassium channels with 
altered binding of charybdotoxin, a pore-blocking peptide 
inhibitor. Sctence 1989; 245: 1382~1385. 

Madison DV, Nicoll RA. Noradrenaline blocks accommo- 
dation of pyramidal cell discharge in the hippocampus. 
Nature (London) 1982; 299: 636-638. 

Madison DV, Nicoll RA. Control of the repetitive discharge 
of rat CA1 pyramidal neurones fn vitro. Journal of Physiology 
(London) 1984; 354: 319-331. 

Miller C, Moczydlowski E, Latorre R, Phillips M. 
Charybdotoxin, a protein inhibitor of single Ca?t-activated 
K* channels from mammalian skeletal muscle. Nature 
(London) 1985; 314: 316-318. 


. Moczydlowski E, Lucchesi K, Ravindran A. An emerging 


pharmacology of peptide toxins targeted against potassium 
channels. Journal of Membrane Biology 1988; 105: 95-111. 
Noda M, Ikeda T, Kayano T, Suzuki H, Takeshima H. 
Existence of distinct sodium channel messenger RNAs in rat 
brain. Nature (London) 1986; 320: 188-192. 

Noda M, Shimizu $, Tanabe T, Takai T, Kayano T. Primary 
structure of Electrophorus electricus sodium. channel deduced 
from cDNA sequence. Nature (London) 1984; 312: 121-127. 
Noda M, Suzuki H, Numa S, Stiihmer W. A single point 
mutation confers tetrodotoxin and saxitoxin insensitivity on 
the sodium channel I]. FEBS Letters 1989; 259: 213-216. 


. Ogata N, Tatebayashi H. Sodium current kinetics in freshly 


isolated neostriatal neurones of the adult guinea pig. Pfhigers 
Archiv 1990; 416: 594-603. 

Papazian DM, Timpe LC, Jan YN, Jan LY. Alteration of 
voltage-dependence of Shaker potassium channel by muta- 
tions in the S4 sequence. Nature (London) 1991; 349: 
305-310. 

Penner R, Peterson M, Pierau Fr-K, Dreyer F. Dendrotoxin: 
a selective blocker of a non-inactivating potassium current in 
guinea-pig dorsal root ganglion neurones. Pflagers Archiv 
1986; 407: 365-369. 

Recio-Pinto E, Thornhill WB, Duch DS, Levinson SR, 
Urban BW. Neuraminidase treatment modifies the function 
of electroplax sodium channels in planar lipid bilayers. 
Neuron 1990; 5: 675-684. 


. Rehm H, Tempel BL. Voltage-gated K+ channels of the 


mammalian brain. FASEB Journal 1991; 5: 164-170. 
Roeper J, Hainsworth AH, Ashcroft FM. Tolbutamide 
reverses membrane hyperpolarisation induced by activation 
of D, receptors and GABA, receptors in isolated substantia 
nigra neurones. Pfligers Archiu 1990; 416: 473-475. 
Rosenberg RL, Tomiko SA, Agnew WS. Reconstitution of 
neurotoxin-modulated ion transport by the voltage-regulated 
sodium channel isolated from the electroplax of Electrophorus 
electricus. Proceedings of the National Academy of Sciences 
1984; 81: 1239-1243. 

Rudy B. Diversity and ubiquity of K channels. Neuroscience 
1988; 25: 729-749, 

Sah P, French CR, Gage PW. Effects of noradrenaline on 
some potassium currents in CA1 neurones in rat hippocampal 
slices. Neuroscience Letters 1985; 60: 295-300. 

Sah P, Gibb AJ, Gage PW. The sodium current underlying 
action potentials in guinea pig hippocampal CAI neurons. 
Journal of General Physiology 1988; 91: 373-398. 

Salkoff L, Baker K, Butler A, Covarrubias M, Pak MD, Wei 
A. An essential ‘set’ of K* channels conserved in flies, mice 
and humans. Trends tn Neurosciences 1992; 15: 161—166. 


75. 


76. 


71. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


88. 


89. 


95. 


BRITISH JOURNAL OF ANAESTHESIA 


Salkoff L, Wyman R. Genetic modification of K+ channels in 
Drosophila Shaker mutants. Nature (London) 1981; 293: 
228-230. 

Schwarz W, Palade PT, Hille B. Local anesthetics: effects of 
pH on use-dependent block of sodium channels in frog 
muscle, Biophysical Journal 1977; 20: 343-368. 

Sitges M, Possani LD, Bayon A. Noxiustoxin, a short-chain 
toxin from the Mexican scorpion Centruroides noxius, induces 
transmitter release by blocking K* permeability. Journal of 
Neuroscience 1986; 6: 1570-1574. 

Smart TG. Single calcium-activated potassium channels 
recorded from cultured rat sympathetic neurones. Journal of 
Physiology (London) 1987; 389: 337-360. 

Southan AP, Wann KT. In vitro actions of Ketamine and 
methohexitone in the rat hippocampus. British Journal of 
Anaesthesia 1989; 63: 574-580. 

Southan AP, Wann KT. Inhalation anaesthetics block 
accommodation of pyramidal cell discharge in the rat 
hippocampus. British Journal of Anaesthesia 1989; 63: 
581-586. 

Spalding BC. Properties of toxin-resistant sodium channels 
produced by chemical modification in frog skeletal muscle. 
Journal of Physiology (London) 1980; 305: 485—500. 

Storm JF. Action potential repolarization and a fast after- 
hyperpolarization in rat hippocampal pyramidal cells. Journal 
of Physiology (London) 1987; 385: 733-759. 

Storm JF. Temporal integration by a slowly inactivating Kt 
current in hippocampal neurons. Nature (London) 1988; 336: 
379-381. 

Strichartz GR. The inhibition of sodium currents in myelin- 
ated nerve by quaternary derivatives of lidocaine. Journal of 
General Physiology 1973; 62: 37-57. 

Stihmer W, Conti F, Suzuki H, Wang X, Noda M, Yahagi 
N, Kubo H, Numa S. Structural parts involved in activation 
and inactivation of the sodium channel. Nature (London) 
1989; 339: 597-603. 

Stihmer W, Methfessel C, Sakmann B, Noda M, Numa S. 
Patch clamp characterization of sodium channels expressed 
from rat brain cDNA. European Biophysical Journal 1987; 14: 
131-138, 


. Tempel BL, Jan YN, Jan LY. Cloning of a probable 


potassium channel gene from mouse brain. Nature (London) 
1988 ; 332: 837-839. 

Terlau H, Heinemann SH, Stihmer W, Pusch M, Conti F, 
Imoto K, Numa S. Mapping the site of block by tetrodotoxin 
and saxitoxin of sodium channel II. FEBS Letters 1991; 293: 
93-96. 

Wann KT, Macdonald AG. Actions and interactions of high 
pressure and general anaesthetics. Progress in Neurobiology 
1988; 30: 271-307. 


. Wann KT, Southan AP. The action of anaesthetics and high 


pressure on neuronal discharge patterns. General Pharma- 
cology 1992; 6: 993-1004. 


. Weiss RE, Horn R. Functional differences between two 


classes of sodium channels in developing rat skeletal muscle. 
Science 1986; 233: 361-364. 


. Yamamoto D. The operation of the sodium channel in nerve 


and muscle. Progress in Neurobiology 1985; 24: 257-291. 


. Yarom Y, Sugimori M, Llinás R. Ionic currents and firing 


patterns of mammalian vagal motoneurons i vitro. Neuro- 
science 1985; 16: 719-737. 


. Yoo! AJ, Schwarz TL. Alteration of ionic selectivity of a Kt 


channel by mutation of the H5 region. Nature (London) 1991; 
349: 700-704. 

Zagotta WN, Hoshi T, Aldrich RW. Restoration of inactiva- 
tion in mutants of Shaker potassium channels by a peptide 
derived from ShB. Science 1990; 250: 568-571. 


x 


A, 


British Fournal of Anaesthesia 1993; 71: 15—24 


EFFECTS OF I.V. ANAESTHETICS ON HUMAN BRAIN 


SODIUM CHANNELS 


C. FRENKEL, D. S. DUCH AND B. W. URBAN 


GENERAL CONCEPTS 


The well established correlation between the potency 
and lipid solubility of anaesthetic compounds 
(Meyer—Overton correlation) has pointed to ex- 
citable membranes and membrane ion channels as 
possible molecular sites for anaesthetic actions, and 
it is now accepted widely that anaesthetics act 
predominantly through interactions with nerve cell 
membranes [46]. 

Many suggestions concerning detailed unitary 
mechanisms of anaesthetic action have been made, 
although a satisfactory consensus about the under- 
lying mechanism and a single site of action has not 
been reached [49]. On the contrary, several specific 
receptors and ion channels have been identified as 
potential sites of action for a variety of anaesthetic 
agents. Therefore, it appears unlikely that a single 
type of channel is involved in anaesthesia. It is also 
conceivable that anaesthetic substances may dem- 
onstrate a multi-mechanistic mode of action at the 
molecular level [56]. These various investigations 
and the results need not be considered mutually 
exclusive. Abandoning the claim of unitary, many 
hypotheses of anaesthetic action may be seen as 
complementing, rather than contradicting, each 
other. 

In this review we discuss a new electrophysio- 
logical experimental approach to investigate the 
molecular basis of i.v. anaesthetics on single mem- 
brane proteins from human brain cortex. 


MODEL EXPERIMENTAL APPROACH: THE PLANAR LIPID 
BILAYER SYSTEM 


In order to investigate anaesthetic interactions with 
individual membrane proteins, two basic electro- 
physiological methods are available. The patch— 
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clamp method and the planar lipid bilayer technique, 
where single membrane proteins are isolated from 
biological membranes and subsequently fused with 
an artificial lipid membrane. 

In our search for the molecular basis of an- 
aesthesia, we use a novel lipid bilayer technique, 
which offers the opportunity to monitor changes in 
the local lipid environment and to determine its 
effect on membrane protein function at the same 
time. By removing a single membrane protein from 
a biological membrane and inserting it into an 
artificial lipid bilayer of well defined composition, it 
may become possible to separate direct anaesthetic 
actions on membrane proteins from those mediated 
via the membrane environment. 

The composition of lipid bilayers may be con- 
trolled, allowing calibrated comparisons between 
different membrane proteins from various tissues 
and species. Single molecules, after fusion with the 
lipid bilayer, may be observed electrophysiologically 
over long periods of time (many hours) with a 
millisecond resolution [39], permitting the measure- 
ment of control behaviour and several anaesthetic 
doses on the same channel. Planar lipid bilayers are 
sensitive detectors, requiring very little protein 
material. This material can be stored for years 
without losing its activity, providing standards for 
future comparison. Furthermore, many variables 
may potentially be controlled when using lipid 
bilayers: channel density, lipid composition, elec- 
trolyte composition, temperature, pH and membrane 
potential. 

Bilayer techniques become even more powerful 
when isolated and purified membrane proteins are 
used, allowing detailed (biochemical) structure and 
(electrophysiological) function studies [45]. 

Different purified and unpurified membrane pro- 
teins (table I), such as voltage activated sodium and 
calcium channels and the nicotinic acetylcholine 
receptor, from a variety of species and tissues, have 
been incorporated and characterized in this ex- 
perimental system (table I). This has offered, for the 
first time, the opportunity to study pharmacological 
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TABLE I. Relevant ton channels examined in lipid bilayer membrane systems 





Purified 
Membrane protein Species ‘Tissue source or not Reference 
Sodium channel Rat Brain synaptosomes Unpurified and [37] 
(voltage-activated) purified [32] 
[36] 
Rat Skeletal muscle sarcoplasm Unpurified [28] 
Electrophorus Electric organ Unpurified and [44] 
electricus purified [18] 
[48] 
Lobster Peripheral walking leg nerve Unpurified [11] 
Human Human brain cortex Unpurified [19] 
synaptosomes 
Dog Brain synaptosomes Unpurified [30] 
Rabbit Skeletal muscle t tubule Purified [27] 
Calcium channel Bovine Cardiac sarcolemma Unpurified [47] 
(voltage-activated) Skeletal muscle t rubule Purified [22] 
Rabbit Skeletal muscle t tubule Purified [38] 
Rat Brain synaptosomes Unpurified [40] 
Nicotinic acetylcholine Torpedo Electromotor synapse Purified [39] 
receptor califormica 
Locust Neuronal membrane Purified [31] 
migratorica 


interactions at the molecular and single channel level 
in a well defined and controlled membrane system. 


MODEL MEMBRANE PROTEIN: THE HUMAN BRIAN 
VOLTAGE ACTIVATED SODIUM CHANNEL 


For the investigation of anaesthetic interactions at 
the molecular level, the voltage activated sodium 
channel has been chosen as the model protein for a 
number of reasons, discussed elsewhere in this 
issue [59]. 

Sodium channels are ubiquitous membrane pro- 
teins essential for the generation of fast propagated 
action potentials and thus a key factor in neuronal 
signal integration and cell communication. Sodium 
channels have been characterized extensively in 
terms of electrophysiology, biochemistry, pharma- 
cology and genetics [12], and provide an excellent 
model for studying anaesthetic interactions which 
are thought to be common to other ion channels. 

Sodium channels differ not only between animal 
species but also between tissues in the same animal, 
and even between the central and peripheral nervous 
systems [29]. Anaesthetic sensitivities may depend 
on the species, location and membrane environment 
of sodium channels. In order to correlate clinical 
anaesthesia with anaesthetic actions at the molecular 
level, voltage activated sodium channels from human 
brain cortex have been studied successfully in the 
lipid bilayer system [19], allowing extensive electro- 
physiological studies of drug—protein interactions. 
The human brain sodium channel has been solubil- 
ized recently [50] and purified [51], revealing a 
protein macromolecule with a large alpha subunit 
(260000-300000 Dalton) and a small beta subunit 
(30000-36000 Dalton) [51]. This purtfied protein 
has not been functionally characterized or recon- 
stituted into the planar lipid bilayer system. Never- 
theless, as soon as this has been achieved, detailed 
structure—function studies in the presence of anaes- 
thetics will be possible, such as those presently 


conducted on other purified sodium channel prepara- 
tions, for example the eel electroplax [60, 61]. 


EXPERIMENTAL DETAILS 


Materials and methods 


All bilayer experimental methods and materials 
are described in detail elsewhere [19, 24, 44]. A brief 
summary is given here. 

After approval of the Institutional Committee on 
Human Rights in Research, Cornell University 
Medical College, New York, U.S.A., human brain 
cortical tissue samples were obtained from patients 
undergoing craniotomies for the removal of tumours 
(brain tumours of various histologies: glioblastoma 
multiforma, ependymoblastoma, spongioblastoma) 
and healthy (accident victim, hydrocephalus op- 
eration) brain tissue. The brain tissue was normally 
considered surgical waste and no tissue was removed 
specifically or only for these experiments. Within 
minutes after removal, the material was stored at 
—80 °C. After separate pooling of the tumours and 
healthy brain tissue, synaptosomal fractions were 
prepared according to the method described by 
Cohen and colleagues [13]. 

This cell fractionation technique is based on 
successive steps of homogenization and differential 
centrifugation (fig. 1). In this manner, biological ion 
channel-containing membranes may be broken up in 
such a way that the membrane fragments reseal to 
form small membrane vesicles. To give a perspective 
of the morphology of our preparation, an electron 
micrograph was taken (fig. 2). The synaptosomal 
preparation was stored at —80 °C until used. This 
preparation has been found to be stable at this 
temperature for more than 4 years. 

Experiments were conducted in special symmetri- 
cal Teflon bilayer chambers with 5 ml compartments 
as designed by Andersen [2]. ‘The two symmetrical 
chambers were separated by a Teflon partition. The 
partition had a hole of approximately 300 um 
diameter in its centre. A planar bilayer membrane, 
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Human cerebral cortex formed across the hole of a thin Teflon partition in a 
bilayer chamber (fig. 3), consists of a bimolecular 
leaflet of lipid molecules separating two aqueous 
compartments. Bilayer membranes were formed 
from synthetic neutral phospholipid solutions, 
containing (4:1) phosphatidylethanolamine and 
0.32 mol litre" Sucrose 1.0 mmol litre’ NaHCO, phosphatidylcholine in decane (5 % w/v, 99 % pure). 

ety R The chamber compartments contained symmetrical 
POON Nee cae ee 500 mmol litre? solutions of NaCl, buffered at 
pH 7.4. These two half-chambers may be con- 
veniently viewed as corresponding to the extra- and 


Homogenate in Sol. A 





Ss 1475 gx 10 min ——~~ P intracellular compartments, separated by the arti- 

Save Wash Sol. A ficial lipid bilayer representing a simplified model of 

Poo! 775 gx 10 min a biological nerve membrane. The incorporation of 

| sodium channels into the bilayer was achieved by 

S P adding synaptosomal vesicles close to the preformed 

775gx10min Discard bilayer membrane at large membrane potentials. 

S | P Probably through a process of membrane fusion 

17 300 g x 10 min Discard [41], sodium channels were transferred from vesicles 

i into the planar lipid bilayer (fig. 4). Experiments 

| : were conducted at room temperature (22-25 °C). No 

S P corrections were made for temperature differences 
Discard Wash Sol. A between individual experiments. 

17 300 gx 10 min Sodium channels were incorporated in the pres- 


ence of batrachotoxin 1 pmol litre’ added to the 


| vesicle free bilayer chamber; this alkaloid toxin is 


S P commonly used in bilayer experiments [8] to study 
Discard Resuspend in Sol. B the steady state properties of sodium channels by 
removing the inactivation and increasing the open 

0.32 mol litre"! Sucrose times. 


-1 
1.0 mmol litra” NaHCO; In order to detect the presence of ion channels, 


membrane potentials were applied across the bilayer 

M and the resulting ion flow monitored (fig. 3). Channel 

currents were recorded while holding the membrane 

Sucrose density gradient potential constant, using a standard current-to- 

voltage amplifier. Currents were filtered at 50 Hz. 

Synaptosomal fraction stamo ires Channel orientation was determined by channel 

48200 g x 20 min —* -1.2 mol litre? gating characteristics and/or tetrodotoxin block, 

allowing the electrophysiological sign convention in 

Fic. 1. Diagram of the preparation technique for human brain the presentation of the results. All membrane 
synaptosomal fractions. 
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Fig. 2. Electron micrograph of the human brain ptosomal fraction (initially frozen at --80 °C) preparation from 
healthy human brain tissue with a synaptosome in the centre of the photograph, which contains mitochondria and 
numerous clear synaptic vesicles (magnification 1:40000). 
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DACI ppp 


Recorder 


Fic. 3. Schematic diagram of the experimental set-up. A thin Teflon partition separates two electrolyte chambers, each 
containing a silver chloride electrode. The Teflon partition is perforated by a hole of 0.3 mm diameter (diameter 
exaggerated in drawing) across which the lipid bilayer is formed. The sodium channel] preparation is added to one of 
the bilayer chambers. The membrane may be viewed with a microscope through a glass window in the front bilayer 
chamber. The membrane potential‘is controlled through the DAC output of the interface which is connected to a 
Digital Equipment LSI 11/23 computer. The other electrode records membrane currents with the aid of a current- 
to-voltage converter, the output (Op.) of which is further amplified (Amp.) and filtered. The resulting signal may be 
viewed on an oscilloscope (Oscillo.) and a chart recorder, but it is also sent to the ADC port of the interface, digitized 
and stored for subsequent analysis. In the magnifying glass, a sodium channel already incorporated in the planar lipid 
bilayer is shown. 


potentials are quoted as intracellular minus extra- 
cellular potentials. Under these steady state con- 
ditions, the same channels could be observed for 
many hours. 

For the measurement of fractional open times, 
current traces were recorded by computer, time- 
averaged and, after subtraction of the membrane 
capacitative transients, converted into conductances. 
The fractional open time, /,, was obtained by 
subtracting from the averaged conductance the 
background conductance through the lipid bilayer 
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Fic. 4. Schematic diagram of the fusion process of a sodium 
channel containing vesicle with the planar lipid bilayer. A; 
Essential features of the lipid bilayer membrane with phospho- 
lipids are indicated. Close to the membrane, a synaptosomal 
vesicle containing a sodium channel protein. The thickness of the 
bilayer membrane is approximately 4nm. B: Next step of the 
fusion process: adhesion of the vesicle to the bilayer. c: Start of 
the direct fusion: vesicle and membrane are opening up and the 
vesicle membrane, including the sodium channel, is integrated 
into the bilayer membrane. D: The fusion process is completed 
and the sodium channel protein is inserted in the artificial lipid 
bilayer. The hatched bilayer area indicates the vesicle membrane 
portion. E: In the final step, the incorporated functioning sodium 
channel is located in a membrane where the vesicle membrane 
lipids are no longer discernable as they have mixed with the much 
larger pool of bilayer lipids. 


and dividing by the number of channels and the 
single channel conductance [19]. The fractional open 
time is dimensionless, representing the fraction of 
time that a channel is open during the observation 
period. 

To measure voltage-dependent steady state ac- 
tivation characteristics, membrane potentials were 
changed using a hyperpolarizing potential sequence 
of —10-mV steps from a holding potential of 
+50 mV until the channel was fully closed. For 
some experiments, the membrane was then depolar- 
ized sequentially in + 10-mV steps back to +50 mV. 
Each potential was held for 4 s. The first 2.5 s of each 
trace were used to calculate fractional open times. 
The series of fractional open times resulting from 
such a potential sequence were plotted as a function 
of membrane potential and represented the steady 
state activation response. Subsequently, these 
fractional open times were fitted to a two-level 
Boltzmann distribution by a least squares fitting 
procedure [44]. The fractional open time, plotted 
as a continuous function of membrane potential, is 
referred to as the steady state activation curve. This 
curve is characterized by the midpoint potential (V,) 
at which the channel spends 50 % of the time in the 
closed and 50% in the open state and by the effective 
gating charge (z,). The product 2,*V, is related to 
the free energy difference between the voltage-gated 
open and closed state of the channel. In practical 
terms, 2, is also a useful quantitative measure of the 
steepness of the steady state activation curve, that is 
the sensitivity with which the channel activation 
mechanism responds to changes in membrane 
potential. 

After channel incorporation and control measure- 
ments, the i.v. general anaesthetics were added to the 
aqueous phase. After addition of drug, the aqueous 
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compartments were stirred for 10 s to ensure homo- 
geneous drug dilution. In order to avoid depletion of 
the anaesthetics from the aqueous phase, large 
aqueous compartments (4 ml) were used, while lipid 
phases were deliberately kept small (typically less 
than 0.15 pl). 


Results 


Under control conditions, human brain sodium 
channels showed stable and reproducible character- 
istics, as expected for batrachotoxin modified sodium 
channels in bilayers [19, 24]. Single channels were 
identified as sodium channels by their single channel 
characteristics (conductance, fractional open time, 
steady state activation behaviour) and in some cases 
by their sodium selectivity and block by tetrodotoxin, 
a sodium channel specific inhibitor [19, 44]. 

Sodium channels were monitored for 30-40 min 
before any anaesthetic was added to the bilayer 
chambers [29], during which the channels remained 
mostly open at depolarized potentials (fig. 5) with a 
fractional open time of 0.94 (sp 0.04) (n= 57 
membranes). After membrane hyperpolarization, 
human brain sodium channels in bilayers closed with 
an average midpoint potential of —84 (10) mV (n = 
71). The effective gating charge (measure of the 
steepness of the activation curve) was 2.7 (1.7). 

After the addition of anaesthetic agents to the 
extra- or intracellular electrolyte in the presence of 
the same control channel, an increasing number and 
duration of channel closing events could be observed, 
so that the channel spent more time in the closed 
state (fig. 5). The electrophysiological measurements 
were repeated and continued until the membrane 
broke spontaneously or additional incorporations 
occurred. Channels in membranes exposed to pento- 
barbitone (163 mins, n = 14 experiments) and keta- 
mine (149 mins, n = 14) could be observed much 
longer, on average, than in the presence of propofol 
(39 mins, n = 9) or midazolam (36 mins, n = 21). 
Pentobarbitone (fig. 5A) and ketamine produced a 
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“‘flickery”’ appearance of the current traces with a 
transition frequency of greater than 50 Hz. Longer 
closures and brief transitory closures were observed 
with propofol and midazolam (fig. 58). The noise 
level and background conductance detected during 
prolonged channel closures was not different from 
that during control measurements, which indicated 
that all anaesthetics by themselves had no effect on 
the conductance and stability of lipid bilayer mem- 
branes. 

Increasing doses of the anaesthetics caused an 
increased number and duration of channel closing 
events and time-averaged currents were suppressed 
increasingly. As this suppression of current was 
linear between membrane potentials of +45 mV and 
—45 mV, time-averaged conductances were calcu- 
lated from these data and averaged over this 
membrane potential range. Anaesthetic drugs intro- 
duced to either side of the channel gave similar 
results, so the data were pooled. 

From the resulting dose-response curves (fig. 5) 
weighted least-square computer fits produced values 
for the half-maximal suppression concentration 
(ED,,) and the maximal conductance block (max 
block %). An ED; value of 0.69 mmol litre"! and a 
max block of 100% was calculated for pentobarbi- 
tone. For propofol, the ED,;, was 0.02 mmol litre 
and the max block was 28% (fig. 5). The dose- 
response curves for racemic Ketamine and midazolam 
yielded an ED,, of 1.1 mmol litre and a max block 
of 71 % for racemic ketamine, and 0.52 mmol litre”! 
and 100% for midazolam, respectively. 

Although conductance suppression was similar for 
all four drugs, only pentobarbitone and propofol 
produced their effects at concentrations close to 
those relevant to human anaesthesia and long-term 
sedation (table II), indicating different sodium 
channel specificities of the investigated drugs. 

The hallmark of a voltage operated ion channel is 
the dependence of its opening and closing behaviour 
on membrane potential. Under physiological con- 
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Fig. 5. Conductance block expressed as the fraction of the average conductance reduction and control conductance, 
plotted as a function of anaesthetic concentrations. Data (mean, SEM) have been pooled for membrane potential 
between —45 mV and +45 mV. Weighted computer fitted concentration—response curves yielded an EDs of 
0.69 mmol litre? and a maximal conductance block of 100% for pentobarbitone (A) and 0.02 mmol litre! and 28%, 
respectively, for propofol (B). In the inset, the original current traces from a single batrachotoxin activated single 
human brain sodium channel at —45 mV membrane potential at contro! conditions and after addition of 0.67 mmol 
litre“! of pentobarbitone (A) or 0.056 mmol litre of propofol (8) are shown. O = the fully open, C = the fully closed 
channel level. Records were filtered at 50 Hz (8-pole Bessel). 
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TABLE II. Clinically relevant peak serum and cerebrospinal fluid (CSF) concentrations of various i.v. anaesthetics in humans. T = Peak 
CSF concentration (ug ml—); $ = peak CSF concentrations (umol litre?) 


Peak serum conc. 


Anaesthetic Application mode Dose ug mol? pmol litre? 
Hypnotics: barbiturates 
Pentobarbitone I.v., premedication 100 mg bolus 3.5 [20] 15 
I.v., long term sedation 30 mg kg™ bolus, 3 mg kg! h? 50 [3] 200 
maint. 
Thiopentone I.v., induction 6 mg kg™ bolus 100 [9] 380 
I.v., long term sedation 150 mg bolus, 150 mg h™! maint. 20 [10] 80 
Methohexitone _I.v., sedation 3 mg kg? over 60 min 4 [7] 15 
I.v., long term sedation 24 mg kg} over 60 min 25 [55] 90 
Hypnotics: non-barbiturates 
Propofol I.v., total i.v. anaesthesia 2 mg kg! bolus, 0-10 mg kg? h~? 6.0 [54] 35 
variable maint. 
I.v., long term sedation 3 mg kg h“ 3.5 [4] 20 
Etomidate I.v., total i.v. anaesthesia 150 mg/30 min 2.5 [52] 10 
Benzodiazepines 
Diazepam I.v. sedation 20 mg bolus 0.6 [35] 2 (NAS (NA)E 
I.v., long term sedation 30 mg day~}, 14 days 15 [58] 5 (0.13 [34)t (0.46)+ 
Flunitrazepam I.v., sedation 0.02 mg kg™? bolus 0.027 [1] 0.1 (0.002 [1]}}+ (0.001) 
Midazolam L.v., sedation 0.07 mg kg bolus 0.1 [6] 0.2 (0.023 [6)7 (0.05)t 
I.v., induction 0.3 mg kg™? 3 x bolus every 30 min 13 [15] 3 (NAH (NA) 
I.v., long-term sedation 5 mg bolus, 4-14 mg h“! maint. 41 [17] 10 (NA)+ (NA) 
Fentanyl I.v., induction 0.01 mg kg@ bolus 0.09 [5] 0.2 
Sufentanil I.v., induction 0.002 mg kg“? bolus 0.06 [44] 0.2 
Alfentanil I.v., induction 5 mg bolus 0.8 [53] 2 
Various 
Droperidol I.v., sedation 5 mg bolus 0.8 [14] 0,2 
0.15 mg kg™ bolus 0.5 [21] 1.3 
Ketamine I.v., induction 2 mg kg™ bolus 5 [62] 20 


Control 





30 ~ 0.34 mmol litre“ 





30 ~ 9.67 mmol litre" 
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Fic. 6. Averaged steady state activation responses recorded from 
the same single sodium channel at increasing (+ )-pentobarbirone 
concentrations. Control (average of two activation curves), 0.34 


(average of three curves) and 0.67 mmol litre“! (single activation 
curve.) 


ditions in a nerve cell, sodium channels are closed at 
rest and open when the membrane is depolarized, for 
example when an action potential is initiated. While 
the results reported so far were independent of 
membrane potential, all anaesthetics disrupted steady 
state activation also (i.e. the voltage-dependent 


opening and closing of sodium channels). The 
batrachotoxin modified human brain sodium chan- 
nels also exhibited this behaviour [19]. Under control 
conditions, human brain sodium channels in bilayers 
could be closed with sufficiently large, negative 
membrane potentials (average midpoint potential 
—84 (10) mV). These steady state activation curves 
were reproducible during all contro! determinations 
[19, 23, 24]. 

Anaesthetic treatment of the observed sodium 
channels introduced a noticeable difference com- 
pared to control channels; the variability of the 
response to changes in membrane potential was 
altered. This variability in the gating behaviour was 
demonstrated by different successive steady state 
activation responses of the same channel [57]. 

In most, but not all, cases sodium channels treated 
with pentobarbitone [24], ketamine [26] and propofol 
[25] could be closed by sufficiently large negative 
membrane potentials. The slopes and shapes of the 
resulting curves could vary substantially and abrupt 
changes in steady state activation responses for the 
same channel over time were prominent. 

In the traditional macroscopic electrophysiological 
measurement, many channels would reside within 
the same membrane and only their average behaviour 
could be observed. In order to mimic “‘macroscopic”’ 
behaviour of these single channels, the fractional 
open times obtained during multiple determinations 
of the steady state activation responses of the same 
channel were added at each potential and divided by 
the number of determinations. The resulting average 
steady state activation response was relatively 
smooth, and the variability manifested itself only in 
a reduced slope of the subsequently fitted steady 
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state activation curve [23-26]. Thus it became 
obvious that measurements of macroscopic currents 
would have given no hint as to the complexity of the 
anaesthetic actions at the molecular level. Fur- 
thermore, an apparent shift of the activation mid- 
point potential to more hyperpolarized potentials 
was indicated [24-26]. 

This effect appeared to be dose-dependent also. 
Figure 6 shows steady state activation curves from a 
single sodium channel which was exposed to in- 
creasing doses of pentobarbitone. 

The anaesthetic-induced effect of conductance 
suppression and a successively reduced steady-state 
activation slope became more prominent with in- 
creasing pentobarbitone concentrations. The same 
effect could be demonstrated for racemic ketamine 
[26]. 


DISCUSSION 


The present studies demonstrate two major impacts 
by all investigated anaesthetic compounds on the 
batrachotoxin modified sodium channel: voltage- 
independent reduction of the fractional channel 
open time and interaction with voltage-dependent 
steady state activation. The possibility of anaesthetic 
actions being altered in the presence of batracho- 
toxin, which affects voltage-dependent sodium chan- 
nel activation and inactivation, and also selectivity 
and single channel conductance [8], has been 
discussed previously [24] but needs to be investi- 
gated further. Qualitatively, the finding of more than 
one type of anaesthetic action on single sodium 
channel currents for the investigated i.v. general 
anaesthetics is in line with previous studies of volatile 
gaseous anaesthetics on the macroscopic scale with 
peripheral nerve [33, 56], performed without batra- 
chotoxin. The anaesthetic-induced variability in 
steady state activation behaviour, however, suggests 
that anaesthetic actions at a molecular level may be 
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Fig. 7. Double logarithmic plot of the free (protein unbound) 

peak serum concentration of five hypnotic induction agents 

(pentobarbitone (P), thiopentone (T), methohexitone (M), 

etomidate (E), propofol (PR)), as a function of octanol: water 

partition coefficients. A good correlation with lipid solubility was 
found (slope = — 1.18, r = 0.86). 
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much more complex than indicated in macroscopic 
measurements [46]. 

Pentobarbitone and propofol exhibited their 
effects on human sodium channels at concentrations 
nearer clinically relevant free serum concentrations 
(see table II) than did ketamine and midazolam, 
which produced their effects at concentrations 
approximately 100-fold greater than relevant free 
serum concentrations (table II). Free (protein un- 
bound) serum concentration of anaesthetics may not 
be a true reflection of that at în vivo sites of action, 
but it is the only estimate presently available. 
Information about anaesthetic concentrations in 
cerebrospinal fluid or brain tissue of humans during 
anaesthesia or long-term sedation is lacking for most 
substances (see table II). 

The human CNS sodium channel may therefore 
serve as a potential target site of action for propofol 
and pentobarbitone. As ketamine and midazolam 
produce their effects on the sodium channel only at 
concentrations well beyond the relevant drug con- 
centration range, other membrane proteins and 
receptors may be involved in their anaesthetic action, 
supporting our hypothesis that anaesthesia results 
from the superposition and integration of several 
anaesthetic actions on the molecular level [56]. This 
diversity is consistent with clinical observations, as 
propofol and pentobarbitone, when used as in- 
duction agents, display similar hypnotic character- 
istics, which are different from the dissociative or 
sedative types of anaesthesia produced by ketamine 
or midazolam, respectively. This suggests that 
different types of clinical anaesthesia may correlate 
with differential actions of anaesthetics on the 
molecular level. 

Meyer and Overton showed a close correlation 
between lipid solubility and anaesthetic potency for 
volatile and inhalation anaesthetics. Figure 7 also 
shows a good correlation between the free (protein 
unbound) serum concentrations of five hypnotic 
agents (three barbiturates, propofol and etomidate) 
and lipid solubility. When a wider range of i.v. 
anaesthetics is considered, a reasonable correlation 
(slope = —0.69, regression coefficient = 0.90) exists 
between anaesthetic half-maximal blocking concen- 
tration of human brain sodium channels, repre- 
senting the experimental anaesthetic potency, and 
the octanol: buffer coefficient of the drug as a 
measure of lipid solubility (fig. 8a). This correlation 
becomes stronger when only the experimental an- 
aesthetic potencies of the hypnotic agents (pento~ 
barbitone, propofol and etomidate) are considered 
(slope = —0.87, r = 0.95) (fig. 8B). 

Although these sodium channel half-block con- 
centrations are approximately 10-fold greater (fig. 
8B) than those encountered in the clinical situation 
(fig. 7), a significant contribution of lipophilic 
interactions to the mechanism of anaesthetic action 
of these substances need not be ruled out. The local 
concentrations of anaesthetics at the site of actions 
may be increased by some additional polar inter- 
actions that by themselves may have no anaesthetic 

One can only speculate as to the site and exact 
mode of interaction of these different anaesthetics 
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Fre. 8. A: Double logarithmic plot of anaesthetic half-maximal 
blocking concentration (£,,) of human brain sodium channels for 
ketamine (K), pentobarbitone (P), midazolam (M), etomidate (E), 
propofol (PR) as a function of lipid solubility (octanol: buffer 
coefficient at room temperature and pH 7.4). Slope = —0.69, r= 
0.90. Data for etomidate unpublished [Weckbecker, personal 
communication]. B: Double logarithmic plot of the half-maximal 
blocking concentration (2,,) of human brain sodium channels of 
the three hypnotic induction agents (pentobarbitone (P), propofol 
(PR), etomidate (E)) as a function of lipid solubility (octanol : buffer 
coefficient at room temperature and pH 7.4). Slope = —0.87, 
roa 0.95. 


with the sodium channel. The close correlation 
between lipid solubility and anaesthetic potency 
points to a lipophilic site of anaesthetic action, which 
need not be limited to the lipid bilayer. The amino 
acid sequences of sodium channel proteins are known 
and some features of the transmembrane structure of 
the channel have been proposed (fig. 9). They share 
many segments of probable alpha helical structure 
[12, 16], with many strongly hydrophobic segments; 
certain amphipathic regions, which are both hydro- 
phobic and positively charged, are thought to be 
involved in channel steady state activation. Anaesthe- 
tics may penetrate into the areas where the 
helices contact each other, thus distorting protein 
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Fic. 9. Schematic diagram of a voltage-activated sodium channel 

imbedded in a lipid bilayer membrane. Potential sites of 

anaesthetic action include: (1) lipid membrane surface; (2) lipid 

membrane inner portion; (3) lipid membrane—protein interface; 

(4) protein-ion pathway; (5) protein intra-, extracellular space; 
(6) protein inner segments (alpha helix). 


conformation and channel function. This could lead 
to the dramatic increase in transitions between open 
and closed states, and the substantially increased 
variability of the steady state activation responses in 
the presence of all the anaesthetic agents observed in 
our experiments. Thus anaesthetics may increase 
protein flexibility (i.e. the number of accessible 
conformational states). They may interact also with 
a multitude of other sites: the lipid membrane 
surface, the lipid membrane inner portion, the 
lipid—protein interface (contact region), the ion 
pathway within the protein and the extra- or 
intracellular side of the protein (sugar residues) 
(fig. 9). 

Lipophilic interactions may be very important in 
the actions of i.v. hypnotic agents, such as barbitur- 
ates, etomidate and propofol. The correlation be- 
tween lipid solubility and experimental anaesthetic 
potency on sodium channels gives an indication that 
the lipid bilayer system may be a valid model system 
to quantitate the lipophilic or hydrophobic com- 
ponent in the mechanism of action of any particular 
anaesthetic. 
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DIFFERENTIAL EFFECTS OF GASEOUS AND VOLATILE 
ANAESTHETICS ON SODIUM AND POTASSIUM CHANNELS 


B. W. URBAN 


After 150 years of clinical anaesthesia, the molecular 
events that lead to anaesthesia have not been 
determined. This is not because of a lack of ideas 
[16-19, 56, 57]. However, most striking to the ob- 
server is the paucity of long-term and systematic 
studies. The present review describes results from 
such a study. The long-term goals were: first, 
to understand how anaesthetics affect membrane 
protein function and second, to determine if clinical 
and molecular actions of anaesthetics may be 
correlated. 


Definition of anaesthesta and anaesthetic 


Before the mechanisms of anaesthetics are dis- 
cussed, the term “‘anaesthesia”’ should be defined in 
practical terms [64]: “Anaesthesia describes the 
condition of a patient corresponding to the one 
produced by diethyl-ether which permits surgery to 
be performed without the patient moving, reacting 
to pain, or remembering the surgical intervention 
after recovery from anaesthesia.” 

Strictly speaking, only a substance that has all 
these qualities may be called a general anaesthetic. 
However, clinical practice is such that almost all 
general anaesthetics are given in combination with 
other agents at concentrations where, by themselves, 
they may not produce anaesthesia. Therefore, the 
term general anaesthetic is used for substances that, 
at sufficiently large concentrations, could produce 
anaesthesia, although for a variety of reasons these 
large concentrations are not used in common clinical 
practice. While this definition extends across the 
range of general anaesthetics, basic scientists have 
broadened the definition further: they include all 
substances that in animal experiments produce 
‘““anaesthesia-like”’ states, as determined by the 
absence of certain reflexes (e.g. in response to pain, 
in response to posture changes, etc), and in addition, 
anaesthetic-like compounds are included also. These 
substances may not have been tested in whole 
animal experiments, but may act similar to general 
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anaesthetics when used in im vitro preparations, at 
the network, cellular, subcellular or molecular level. 


Integrative approach towards understanding 
anaesthetic action 


The action of an anaesthetic at a particular 
molecular site will depend on how this molecular site 
is integrated into the function of the CNS. The 
anaesthetic effect on a particular membrane protein 
(e.g. a sodium channel) is the result of several and 
simultaneous actions at presumably distinct sites of 
the sodium channel macromolecule. The total an- 
aesthetic response of a neurone again results from 
the summation of the responses of its different ion 
channels and ion pumps to the anaesthetic and the 
various inputs it receives from neurones of sur- 
rounding networks (fig. 1). 

The example in figure 1 illustrates the complexity 
of possible anaesthetic modified responses of a 
neurone, although the example is oversimplified, 
since a typical neurone within the cortex receives 
thousands of synaptic inputs [38]. Most neurones, 
even when exposed to an anaesthetic, will not 
respond to an incoming signal on a single input (fig. 
la and 18), unless some temporal (fig. 18) or spatial 
(fig. 1c) integration has taken place that has not been 
offset by a simutaneous inhibitory input (fig. 1D). 
Anaesthetic modifications of the incoming signal 
(which need not be blocked completely) that prevent 
a neurone from firing may involve alterations of 
firing rates (fig. 1F) or temporal shifts (fig. 1G) in the 
incoming signals. Alternatively, a temporal shift 
involving inhibitory inputs may lead to removal of 
inhibition (fig. 1H). A network of neurones responds 
with integration of the anaesthetic responses from 
individual member neurones. Partial inhibition may 
lead to complete inhibition at the next higher level of 
integration, alternatively, it may result in removal of 
inhibition (fig. 1). It is not possible to predict the 
effects of anaesthetic actions at the molecular level 
without knowing the neuronal network topology. 
Conversely, knowledge of the network topology will 
not allow predictions about anaesthetic effects on the 
CNS, without understanding of anaesthetic actions 
at the molecular level. 
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Fig. 1, Spatial and temporal integration of excitation and inhibition within a model synapse and its potential 

modification by anaesthetics. Resting fibres are drawn white, grey indicates a non-propagating excitation, black 

symbolizes a propagating excitation. The number of arrows indicates the frequency of incoming signals, their relative 
shift a temporal shift in incoming signals (see text for explanation). 
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Fig. 2. Left: Meyer—Overton correlation of the logarithms of human MAC values for cyclopropane (C), desflurane 
(D), fluroxene (F), sevoflurane (S), enflurane (E), isoflurane (1) and halothane (H) vs the logarithms of the lecithin: gas 
(L:G) partition coefficient (slope — 0.987). Data from Taheri and colleagues [61], who could not find a statistically 
significant difference between the correlations of anaesthetic potency with either lecithin: gas or octanol: gas partition 
coefficients. Since there are more partition coefficient data available for the octanol: water system and to facilitate later 
comparisons with i.v. anaesthetics, water: octanol coefficients may be used equally as well. Right: Human MAC data 
converted into equivalent aqueous concentrations [66] vs octanol: water (O:W) partition coefficients [56] (slope 
— 0.991). DE = Diethyl ether; ET = ethylene; X = xenon; M = methoxylflurane. 


Identifying key anaesthetic interactions 

A vast range of physiological changes and re- 
sponses are observed in an organism under an- 
aesthesia and various stages of anaesthesia are 
distinguished clinically. Separate molecular mechan- 
isms may account for the many different manifest- 
ations of anaesthesia, in much the same way as 
separate mechanisms have been found responsible 
for the different forms of sleep and memory [38]. 
The large variety of anaesthetic responses could 
result from a combination of several types of 
anaesthetic interactions with different proteins and 
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membranes. It is thus important to identify and 
understand the nature of these key anaesthetic 
interactions, and appropriate model systems have to 
be used in which anaesthetic interactions may be 
studied systematically. 


Meyer—Overton correlation 


The Meyer—Overton correlation (fig. 2) shows that 
anaesthetic potency and lipid partition coefficients 
are related linearly over many concentration decades 
[45]. This finding pointed to membranes as an 
important site of action of anaesthetics [54]. This 
simple relationship indicated that the underlying 
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Fic. 3. According to Hodgkin—Huxiey formalism [36], sodium currents are the product of three different terms which 
describe membrane potential-independent conductance (f,,), activation and inactivation. V = membrane potential, 
Vya and Vg = sodium and potassium equilibrium potentials, respectively. The activation term contains a steady state 
variable (m) the cube of which describes the fraction of channels activated in the steady state and an exponential 
expression including a time constant (Tm). Potassium currents are a combination of a membrane potential-independent 
conductance (Fx) and an activation term containing a steady state variable (7,,) the fourth power of which describes 
the fraction of channels activated, and an exponential expression including a time constant (t,). All variables, except 
for %y, and Fg, are functions of membrane potential, that is they assume different values at different membrane 
potentials (see fig. 5). 


mechanism was simple also. Yet, while sharing this 
common characteristic of lipophilicity, anaesthetic 
molecules were found to vary greatly in their 
chemical and physical properties [48, 59]. Thus this 
suggested a non-specific mode of action, comparable 
to the action of an antifreeze in a car radiator where 
depression of the freezing point results from dis- 
ruption of the ice bonding structure, and depends 
only on the number of molecules of antifreeze and 
not on its particular chemical structure. It was 
thought that anaesthetics dissolve in membranes and 
thereby disrupt the structure of the membrane. 
However, an important question remained: how 
could changes in these physical variables impair the 
electrical excitability of a membrane? 


Membrane proteins and ion channels 


Lipid bilayer membranes, consisting of a bi- 
molecular leaflet of lipid molecules, constitute the 
backbone of a biological membrane. Lipid bilayers 
are not electrically excitable as they are perfect 
insulators, permitting ‘no ion flow. However, bio- 
logical membranes also contain many different 
membrane proteins which are essential for mediating 
many physiological functions. Direct or indirect 
interference of anaesthetics with membrane proteins 
is likely to be of great importance. Opinions have 
been divided on whether or not anaesthetics interfere 
with membrane protein function by binding directly 
to proteins [20, 54] or if the main modes of action 
occur indirectly through changing the physico— 
chemical properties of the lipid membrane into 
which the anaesthetics readily dissolved [15, 46]. In 
order to differentiate to what extent anaesthetics 
interfere with the interaction between lipids and 
membrane proteins, while possibly also interacting 
with membrane proteins directly, it is important to 
select appropriate membrane proteins for these 
studies and to monitor the effects of systematically 


changing the structure of membranes, proteins and 
anaesthetics alike. 

Ion channels constitute a class of membrane 
proteins that render membranes electrically excitable 
[35] but also susceptible to the actions of anaesthetics 
[57]. The study of ion channels is therefore of both 
immediate relevance, and wider interest within the 
context of characterizing the interactions between 
anaesthetics, lipids and integral membrane proteins. 
Because in-depth studies of ion channels are time- 
consuming and difficult [15, 47, 65], itis not practical 
to abandon one and begin a new study every time 
fashions and ideas change as to what ion channel is 
the most important for anaesthesia [49]. In order to 
characterize the anaesthetic interactions that dif- 
ferent ion channels have in common, a good starting 
point is a thorough investigation of typical and well 
characterized ion channels that may serve as model 
channels. 


Sodium channel as a model system for ton channels 


Voltage-gated sodium channels are obvious and 
strong candidates to represent a model system. With 
the possible exception of acetylcholine receptors, 
sodium channels are unparalleled in the extent to 
which their structural and functional properties have 
been characterized [5, 35, 39]. They are ubiquitous 
in the central and peripheral nervous system, 
mediating fast propagated action potentials, which 
are vital to nerve impulse transmission and cell 
communication [38]. Sodium channels play an 
important role in signal integration; action potentials 
are initiated in the axon hillock region where the 
density of sodium channels is large [38]. 

Sodium channel function, using voltage-clamp, 
patch—clamp, lipid bilayer and ion flux techniques, 
has been described by detailed mathematical 
models and formalisms (fig. 3) [3, 36, 44, 52]. Their 
structural properties have been, and are being, 
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elucidated in numerous studies using biochemistry, 
spectroscopy and molecular biology techniques 
[1, 6, 8, 42, 51]. Ion channels may be grouped into 
families of evolutionary and structurally related gene 
products; for example, 55% sequence homology 
exists between sodium and calcium channels [8, 62]. 
Because sodium channels have served as a model for 
the description of almost all other voltage-dependent 
ion channels (e.g. fig. 3) and with suitable modifi- 
cations even for chemically activated channels [35], 
they provide a good starting point for the study of 
anaesthetic interactions with ion channels. The 
actions of hundreds of agents, including anaesthetics, 
have been evaluated in pharmacological studies 
[50, 55, 59]. The suppression of sodium channels by 
gaseous and volatile anaesthetics follows the Meyer- 
Overton correlation [63]. 


Mechanistic basis for action potentials 


The action potential in most nerves and skeletal 
muscle represents a transient reversal of the resting 
membrane potential [35], caused by time- and 
voltage-dependent changes in membrane conduc- 
tance for sodium and potassium ions as first 
described in the squid giant axon [36]. Hodgkin and 
Huxley successfully applied the voltage-clamp tech- 
nique to study these conductances; rather than 
eliciting action potentials, they held (clamped) the 
membrane potential fixed and measured the resulting 
macroscopic currents (fig. 3), so-called because they 
are generated by many thousands, if not millions, of 
ion channels. Inward sodium currents were charac- 
terized by a rising (activating) phase, followed by a 
current decline (inactivation), while outward pot- 
assium currents showed no such deline (fig. 3). The 
shapes, activation and inactivation of these current 
traces changed with membrane potential. Four 
distinct functions have been described for the sodium 
channel: a transmembrane ion pathway, a selectivity 
filter, an activation and an inactivation mechanism. 
In the squid giant axon, the potassium channel 
functions similarly, except that it does not normally 
inactivate. The activation (inactivation) mechanisms 
have been formally described as gates that open 
(close) on membrane depolarization and close (open) 
on membrane repolarization. 

The Hodgkin—Huxley formalism [36] is a detailed 
mathematical description of sodium and potassium 
currents in the squid giant axon which fits the 
experimental macroscopic current data well and the 
resulting variables are capable of reproducing action 
potentials mathematically. With slight modifi- 
cations, the Hodgkin-Huxley formalism has also 
been applied in the description of ionic currents in 
other preparations [35]. A description that is based 
on the observation of macroscopic currents may 
provide only limited information about events at the 
molecular level, thus there exists considerable con- 
troversy concerning an accurate description of 
sodium channel function at the molecular or single 
channel level [52]. Therefore, the Hodgkin—-Huxley 
formalism is used here simply to differentiate 
between separate actions of anaesthetics on macro- 
scopic currents. 
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Grouping anaesthetics according to their 
physico-chemical properties 

Among the inhalation anaesthetics, there are 
mainly two different classes: alkanes and their 
derivatives and ether and ether derivatives. The 
alkanes include cyclopropane (a cyclic alkane), 
chloroform (derived from the normal or n-alkane 
methane) and halothane (a n-ethane derivative). The 
ethers include diethyl ether, the methylethyl ether 
derivatives methoxyflurane, enflurane and iso- 
flurane. Analysing an anaesthetic in terms of its 
chemical groups and parent compound gives im- 
portant information as to its possible mode of action. 
For example, diethyl ether (CH,—CH,—-O—CH, 
—CH,) consists of different chemical groups, having 
either purely lipophilic character (—CH,, --CH,—) 
or being polar (the ether linkage —-O—). Purely 
lipophilic compounds reside primarily in the mem- 
brane interior (e.g. cyclopropane), non-ionic polar 
compounds reside predominantly at interfaces (e.g. 
alcohols) and inhalation anaesthetics have properties 
somewhere in between. By comparison with purely 
lipophilic molecules (alkanes) and strongly polar 
uncharged molecules (n-alcohols), the action of 
diethyl ether may be rationalized as falling some- 
where in between, in turn providing the basis for the 
preliminary characterization of the even more com- 
plex halogenated ethers, such as isoflurane and 
enflurane. In terms of mechanisms of action, it has 
proved helpful to group gaseous and volatile anaes- 
thetics according to their physico-chemical proper- 
ties and distinguish between three different groups: 
(i) purely lipophilic, (ji) uncharged strongly polar, 
and (iii) inhalation anaesthetic. Haydon and his 
subsequent co-workers later subdivided the un- 
charged polar group by including carboxylic esters 
and ketones and added the group of ionic and 
ionizable compounds (for a review see [15]). 


ANAESTHETIC ACTIONS ON SODIUM AND POTASSIUM 
CHANNELS 


Anaesthetic effects on voltage-gated sodium channels 


Distinct spectra of anaesthetic action. All anaes- 
thetics that have been investigated so far have 
depressant effects on sodium channels [7, 15, 55, 59]. 
Figure 4 shows the effects of typical representatives 
of the three groups of gaseous and volatile anaes- 
thetics discussed above. The anaesthetic concentra- 
tions are chosen such that the peak sodium currents 
are approximately half-suppressed. 

When the actions of the anaesthetics are dissected 
in terms of the Hodgkin—Huxley formalism (fig. 4) it 
is clear that, in general, and depending on the con- 
centration, anaesthetics affect all five Hodgkin- 
Huxley variables of the sodium current. The currents 
in figure 4 are reconstructed mathematically in 
such a way that they show the influence of the 
anaesthetic changes on a single Hodgkin—Huxley 
variable of the sodium current. Clearly there are 
instances where the anaesthetic effect on a single 
variable leads to current increase rather than 
current suppression. Therefore, the total inhibitory 
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Fic. 4. Based on Hodgkin-Huxley formalism, the effects of three groups of anaesthetics on sodium currents are 
dissected. A set of five Hodgkin—Huxley variables each were obtained for the control (dashed line) and drug- 
suppressed currents by fitting the Hodgkin—Huxley equations to the experimental data [29-31]. The Hodgkin~Huxley 
variables of the control currents are then replaced, only one in each panel, as indicated on the abscissa, with the 
corresponding variable of the drug-suppressed current. The remaining four variables in each panel are those 
describing the contro] current. The resulting theoretical current (continuous line) is shown. SS = Steady state. 


anaesthetic responses of sodium currents (fig. 4) 
results from the integration of separate inhibitory 
and excitatory anaesthetic actions on distinct sodium 
channel functions. Any one anaesthetic class sup- 
presses sodium currents by more than one mech- 
anism, while different classes of anaesthetics have 
distinct spectra of anaesthetic actions. 

Purely lipophilic volatile substances. Cyclopropane 
[10] is an example of a purely lipophilic substance. 
This hydrocarbon was characterized in voltage- 
clamp experiments together with other cyclic alkanes, 
n-alkanes and carbon tetrachloride [29]. The molar 
concentrations of these hydrocarbons required to 
produce current suppression of 50% varied widely, 
but correlated well with lipid solubility [29], sug- 
gesting that the sites of action are essentially 
lipophilic. 

Because of their lipophilic nature, hydrocarbons 
are expected to adsorb predominantly into the centre 
of the chain region of the bilayer, causing the 
membrane to thicken. This has been shown to be the 
case in lipid bilayer experiments and attempts have 
been made to demonstrate a similar effect in the 
squid giant axon [29]. Because of its size and simple 
geometry, the squid giant axon membrane, of all the 
biological membranes studied, is probably the most 
amenable to this analysis using electrical capacity 
measurements. Yet, even in this simple preparation, 
conclusions could be reached, not by direct proof, 
but only by consistency arguments, since the exact 
composition of the squid giant axon was unknown 
and geometrical correction factors caused by other 
membranes lying in front of the axolemma mem- 
brane were uncertain [30]. In so far as the nerve 


membrane capacities at 100 KHz were determined by 
the thickness of the bilayer regions of the membrane, 
the results are consistent with thickening of the 
membrane by the hydrocarbons. A direct correlation 
between structural changes (evaluated via simul- 
taneous electrical capacity measurements) and func- 
tional changes on membrane currents by the hydro- 
carbons was observed [26, 27, 29]. 

A thickening of the axolemma membrane by 
hydrocarbons could be expected to affect sodium 
channel function in several ways. The electric field 
(E) within the membrane may be altered as a result 
of the thickness (d) increase, since the electric field 
E = V/d, where V is membrane potential. Because 
the electric field is the physical quantity which 
operates on the gates of the sodium channel when the 
membrane potential is changed, as a consequence, 
the time courses and equilibrium values of the 
electric field-dependent variables of the Hodgkin— 
Huxley equations may also change [26]. In addition, 
and together with simultaneous membrane tension 
increase, as described in lipid bilayers [34], the 
thickness increase may subject the channels to 
stresses which could reduce the maximum con- 
ductance #,,,. Inspection of the anaesthetic effects on 
the Hodgkin—Huxley variables follows. 

All the hydrocarbons caused reduction in the 
voltage-independent conductance, g,,. This con- 
ductance is the product of the number of channels in 
the membrane, their availability and their single 
channel conductance. Haydon and co-workers, in 
proposing the thickness—tension hypothesis [24, 25] 
argued that, if a channel is normally in equilibrium 
with the surrounding membrane, a thickness change 
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Fig. 5. Influence of n-pentane 275 umol litre on variables of the Hodgkin—Huley formalism (fig. 3) for the sodium 
and potassium currents (@). O = Control values. All parameters are functions of membrane potential. 


in the lipid is almost certain to stress the channel, 
destabilize it, and make it less available for con- 
duction. A direct example of this mechanism was 
provided by the experiments with gramicidin in lipid 
bilayer membranes [34]. The antibiotic gramicidin 
behaves as a cationic ion channel that is not gated by 
membrane potential. It has been studied extensively 
in artificial membrane systems using the planar lipid 
bilayer technique. When lipid bilayers were formed 
from the same lipid, but using different chain length 
alkanes, similar additions of gramicidin to the system 
produced widely different levels of conductance. A 
mechanism was proposed and a theory developed in 
terms of mechanical stresses that are set up in the 
membrane that pull the gramicidin dimer apart in 
the middle. Essentially quantitative agreement be- 
tween theory and experiment was found [34], 
constituting possibly the first and only quantitative 
example of a specific molecular mechanism by which 
anaesthetics reduce electrical excitability that has 
been verified by experiment. 

If the hydrocarbon is assumed to thicken the 
membrane, as the electrical capacity results suggest, 
then the increase in thickness of the non-polar part 
of the membrane would change the electric field 
experienced by electric charges or dipoles in this 
region (responsible for operating the channel gates), 
even though the actual membrane potential remained 
constant. This should lead to both a shift and slope 
change in the voltage dependence of steady state 
activation and inactivation variables, as has indeed 
been observed (fig. 5). 

However, while the correlation between electrical 
capacity (relating to thickness) changes and observed 
shifts in steady state inactivation was excellent, the 
slope of the curve was larger than expected [29]. 
This led to speculation that the average lipid 
composition of the membrane (as would be reflected 
in the electrical capacity measurement) differed from 


the composition of the lipids in the immediate 
vicinity of the sodium channel. The shifts in the 
steady state activation curves were consistently less 
negative than in the inactivation curves. This 
suggested that, although the activation process was 
influenced by the same mechanism (e.g. membrane 
thickening) as the inactivation process, there was an 
additional effect superimposed which tended to move 
the activation curve in the opposite direction. When 
considering the physical origin of this effect for the 
hydrocarbons alone, there remained at least two 
possibilities to explain the additional mechanism; 
either a change in protein confirmation or an 
asymmetric change in the surface potential [29]. 

Lipophilic anaesthetics affect time constants also. 
For the study of mechanisms, it is necessary to 
separate these shift-induced changes as discussed 
above (fig. 5) from those caused by other effects. 
This can be done by considering the effect of a 
particular anaesthetic on the peak values of the 
activation and inactivation time constants. When 
this is done, it becomes clear that a decrease in the 
peak values of activation and inactivation time 
constants is found for most of the anaesthetics 
examined. A tempting explanation is that membrane 
fluidity increases in the presence of the anaesthetics 
and that the movements of proteins becomes more 
rapid. There is, however, relatively little direct 
evidence for this in the squid giant axon. 

In summary, the effects of purely lipophilic 
substances, including cyclopropane, on the variables 
of the Hodgkin—Husley equations suggest that 
suppression of the sodium current by these sub- 
stances originates from several different effects. None 
of these appears to be highly specific. They may be 
tentatively explained in terms of adsorption of the 
hydrocarbons into the lipid regions of the membrane 
and the consequent perturbations of the sodium 
channel. Both the shifts in the steady state variables 
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and the loss of maximal conductance appeared to be 
accounted for by thickening of the bilayer parts of 
the membrane, which has two effects: change of 
the internal electric field after the thickening and 
affecting the steady state variables, and a thick- 
ness—tension mechanism reducing maximal con- 
ductance. The reduction in time constants may result 
from increased “fluidity ” which small hydrocarbons 
are expected to have produced in the chain region of 
the membrane lipid. 

Alcohols and other polar volatile substances. Alco- 
hols do not make good clinical anaesthetics. ‘They 
and other surface active substances differ from 
hydrocarbons in that, as a consequence of their polar 
groups, (hydroxyl groups for alcohols), they have 
only one end of the molecule localized in the bilayer 
interface. In contrast to hydrocarbons, for most 
polar substances there is little evidence of membrane 
thickening. Alcohols do not thicken “‘solvent-free”’ 
lipid bilayers [12], electrical capacity changes in 
squid giant axons are small and so are changes in the 
voltage-independent conductance, Fna, at anaesthetic 
concentrations where sodium currents are half- 
suppressed [30]. However, there are exceptions, 
such as methyl mono-octanoate, which produces a 
comparatively large reduction in Zya, suggesting 
perhaps a local thickening, as discussed below. 

The polar substances examined in voltage-clamp 
experiments included the series of n-alkanols, from 
pentanol to decanol, and several neutral octanol 
derivatives with varying headgroup sizes, such as n- 
octyl (oxyethylene), alcohol, methyl n-octanoate, 
glycerol 1-mono-octanoate and dioctanoy! phospha- 
tidylcholine [30]. The alcohols produced very small 
effects on the steady-state inactivation at the concen- 
trations at which sodium currents were half- 
suppressed (fig. 4). This is consistent with the 
evidence from lipid bilayer experiments and elec- 
trical capacity measurements on axons, that little or 
no thickness changes occur. Again, methyl mono- 
octanoate was an exception, leading to substantial 
shifts of the inactivation curve in the hyperpolarizing 
(negative) direction and reduction of its slope. A 
possible explanation for this [30] is that one or both 
oxygen atoms in the ester group interact with the 
sodium channel protein via a group embedded in the 
interior of the membrane. A local membrane thick- 
ening would result that could not be detected readily 
by other means, such as electrical capacity measure- 
ments. Therefore, 1t now appears necessary to invoke 
a site of action in or on the channel itself, in addition 
to interactions with the adjacent lipids. 

All the polar substances examined produced a 
shift of the steady state activation curve in the 
depolarizing (positive) direction, opposite to the one 
observed for lipophilic substances. Following the 
reasoning for the hydrocarbons, the absence of 
membrane thickening by polar substances would 
cause the second mechanism that produced a depolar- 
izing (positive) shift in the activation curve to 
dominate. If changes in the steady state properties of 
the membrane are to be invoked, dipole potentials at 
the surface rather than surface tension are possible 
candidates [30]. Benzyl alcohol has been demon- 
strated to modify dipole potentials in lipid bilayer 


membranes [53]. However, at present there are no 
compelling reasons to rule out dipole potentials 
originating from the sodium channel protein itself. 
Allowing for shifts along the voltage axis, the 
substances within this group decreased the time 
constants of activation and inactivation. 

In conclusion, alcohols and surface active sub- 
stances also suppress sodium currents by a number 
of effects. They appear to act in a lipophilic 
environment, such as the membrane lipid, but a non- 
polar region of a protein cannot be ruled out as a 
possible site of action. While several effects may be 
explained by a non-specific mechanism of action, 
there appears to exist at least one much more specific 
interaction, involving a site of action in or on the 
channel itself. 

Inhalation anaesthetics. ‘The inhalation anaes- 
thetics examined in this series included isoflurane, 
enflurane, methoxyflurane, diethyl ether, halothane 
and chloroform [31]. These are intermediate to 
hydrocarbons and alcohols in physico—chemical 
properties. The dielectric constants are greater than 
for hydrocarbons, resulting in a lesser tendency to 
adsorb into the lipophilic interior regions of the 
membrane. Yet they are also less surface active than 
the alcohols because they have only weak hydrogen 
bonding groups by which they may interact with 
polar molecules. Consequently, they should be less 
strongly localized at the membrane surface. 

Suppression of voltage-independent conductance, 
Ēnas is similar for the different anaesthetics and it is 
small in relation to suppression of the peak inward 
current. It resembles the suppression produced by 
the alcohols and other surface active substances, 
much more than that for hydrocarbons (fig. 4). 

At the concentrations which half-suppressed the 
peak sodium current, the shifts in the steady state 
inactivation curves along the voltage axis ranged 
from very small values, which were scarcely different 
from the results for alcohols, to values which were 
much larger and more than half the corresponding 
shifts for the hydrocarbons. When another group of 
11 halogenated ethers was considered also, a 
structure—activity correlation emerged [66]. When 
hydrogens in a CH, or CH, group are replaced by 
halogen atoms, to yield groups such as CF,H or 
CCIH, the remaining hydrogen(s) become acidic 
and capable of forming hydrogen bonds [9]. Halogen- 
ated ethers with only one strongly acidic hydrogen, 
such as methoxyflurane, produced large shifts in the 
inactivation parameters. Substances with two acidic 
hydrogens, such as isoflurane and enflurane, pro- 
duced only small shifts. If the large shifts reflected 
membrane thickening then it would appear that 
strongly hydrogen bonding molecules could par- 
tition into the membrane interior by forming a bond 
with a protein group in the non-polar part of the 
membrane, such that the otherwise unfavourable 
partitioning between aqueous and hydrocarbon en- 
vironments was offset. The adverse effect of two 
acidic hydrogens would merely suggest that there are 
not two suitably placed proton acceptors in the 
relevant region of the membrane. Halothane appears 
to spoil this correlation, since it has one acidic 
hydrogen atom, yet it causes only a small shift. 
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Features which distinguish it from the halogenated 
ethers are a smaller molecular volume and a bromine 
atom on the same carbon as the acidic hydrogen. 
Molecular volume of the hydrophobic portion of an 
anaesthetic molecule appears to play a role, as will be 
seen in a later discussion on the effects of long chain 
alcohols on potassium currents. 

All the steady state activation curves are shifted in 
the depolarizing (positive) direction. In this respect, 
these inhalation anaesthetics also resemble the 
alcohols and other surface active substances much 
more than the hydrocarbons. Lipid bilayer studies 
suggest that chloroform appears to modify the 
surface dipole potential [53]. This would be con- 
sistent with the suggestion made when discussing 
the effects of the hydrocarbons and alcohols, that an 
unequal effect on the surface dipole potentials at the 
two sides of the axon membrane may be responsible. 
The peak values for both activation and inactivation 
time constants were lowered. This decrease in time 
constants, allowing for shifts along the voltage axis, 
is an almost uniform feature for all the substances 
in this section and the preceding sections on 
hydrocarbons and alcohols. 

In summary, as expected from their physico— 
chemical properties, the inhalation anaesthetics show 
effects on the Hodgkin—Huxley variables that are 
largely intermediate between those of the hydro- 
carbons and alcohols. Again, several effects appear to 
result from non-specific actions of these drugs. 
However, halogenated ethers, such as isoflurane, 
enflurane and methoxyflurane, appear to be capable 
of an additional specific interaction, possibly re- 
sulting from their abilities to form hydrogen bonds. 
Again, the conclusion is reached that several factors 
contribute to the changes produced in the sodium 
current. 


Anaesthetic effects on voltage-gated potassium 
channels 


Comparing different ton channels within the same 
membrane. If the finding of non-specific interactions 
as an important component in the molecular mechan- 
isms of anaesthetic action is to be generally ap- 
plicable, it should find its parallel] when anaesthetic 
actions on other ion channels are examined. With the 
exception of esters, ketones and halogenated ethers, 
no strong reasons have emerged to invoke specific 
interaction between the gaseous and volatile anaes- 
‘thetics with either lipids or sodium channel, but 
several factors normally contribute to changes in 
sodium current. Since the above mentioned anaes- 
thetics interact non-specifically with sodium chan- 
nels, the expectation appears natural that other 
membrane proteins might be affected similarly. 
Apart from voltage-activated sodium channels, the 
squid giant axon membrane also contains voltage- 
activated potassium channels of the delayed rectifier 
type. There are many other types of potassium 
channel [35]. The potassium channels of the delayed 
rectifier type are important during the decreasing 
phase of the action potential when the membrane 
potential is repolarized towards the resting potential. 
To compare the actions of anaesthetics on ion 
channels within the same membrane has the ad- 


BRITISH JOURNAL OF ANAESTHESIA 


vantage that differences in anaesthetic concentration 
may be ruled out, as explanations for the observed 
differences in anaesthetic sensitivity. 

There are relatively few studies on interactions of 


general anaesthetics with voltage-gated potassium. 


currents of the delayed rectifier type, probably 
because sodium currents are usually more sensitive. 
However, there are reasons why such a difference in 
sensitivity may be expected. While voltage-gated 
potassium channels in squid giant axons function 
similar to sodium channels, they do not normally 
inactivate. As has been discussed in the previous 
section, the action of anaesthetics on voltage- 
independent conductance, the activation and inacti- 
vation system summate. Since the action of anaes- 
thetics on the inactivation system has resulted 
generally in sodium current suppression, the absence 
of an inactivation system would take away a mech- 
anism by which anaesthetics may depress the ion 
channel function. In order to compare non-specific 
anaesthetic actions on sodium and potassium cur- 
rents, the effects on sodium inactivation mechanism 
have therefore to be isolated. Using the Hodgkin— 
Huxley formalism, such comparisons may be ac- 
complished easily. 

Purely lipophilic, polar and inhalation anaesthetics. 
As in the case of sodium currents, the observation is 
made again that anaesthetics affect several functions 
of the potassium current system, reducing the 
voltage-independent conductance, as well as shifung 
steady state activation curves and changing acti- 
vation time constants (fig. 6). There are striking 
parallels between the sodium and potassium systems. 
In both current systems, at concentrations that half- 
suppressed sodium currents, the voltage-indepen- 
dent conductances were reduced by lipophilic sub- 
stances by a similar amount, that is about one-third, 
while the group of n-alcohols produced decreases of, 
at most, 10%. A similar observation was made with 
another ion channel, the antibiotic gramicidin. The 
time-averaged conductance of this channel, cor- 
responding to the membrane voltage-independent 
conductance of sodium and potassium channels, was 
also much more depressed by lipophilic compounds 
than by alcohols [34, 63]. As discussed before, the 
thickness—tension hypothesis may provide an ex- 
planation for this similar behaviour of three very 
different membrane ion channels. There are dif- 
ferences also for inhalation anaesthetics. Methoxy- 
flurane and diethyl ether reduced voltage-indepen- 
dent potassium conductance more effectively. Also, 
at larger concentrations, the normal alcohols de- 
creased significantly both voltage-independent pot- 
assium and sodium conductance and the suggestion 
was made that this effect could arise from a weaker 
interaction with another site, perhaps inside the 
channel [33]. 

Most of the anaesthetics examined affected steady 
state activation by shifting it in the depolarizing 
(positive) direction. Comparing these shifts with 
those for sodium currents showed a broad qualitative 
correlation, but the quantitative agreement was poor. 
For sodium currents it had been argued that dipole 
potential changes could explain these shifts [30]. If 
these dipole potentials originate in membrane lipids 
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Fic. 6. Suppression of K+ currents by typical representatives of three groups of anaesthetics (left column of panels) 
at concentrations comparable to those in figure 4: pentane 275 umol litre“4, octanol 330 pmol litre! and chloroform 
5 mmol litre”? at 0 mV membrane potential [33]. Based on the Hodgkin—Huxley formalism, the effects of three groups 
of anaesthetics om potassium currents are dissected (remaining three columns of panels). A set of three 
Hodgkin-Huxley variables each were obtained for the control and drug-suppressed currents by fitting the 
Hodgkin—Huxley equations to the experimental data [33]. The Hodgkin—Huxley variables of the control currents 
are then replaced, only one in each of the following panels, with the corresponding variable of the drug-suppressed 
current, the remaining two variables in each panel are those describing the control current. The resulting current 
(continuous line) is shown. 


then, in order for the anaesthetics to have an effect, 
they would have to affect the dipoles on the extra- 
and intracellular membranes differently, since other- 
wise there would be no additional potential decrease 
across the membrane. If this were the case, the lipid 
environment of sodium and potassium channels 
would have to be different. The alternative would 
involve the dipoles attached to the membrane 
channel itself. The latter explanation would mean a 
direct interaction between anaesthetic and ion 
channel. 

Further evidence for direct interaction with the 
channel protein stems from experiments with car- 
boxylic esters [14] and halogenated ethers [66]. Most 
of these substances form hydrogen bonds while, in 
addition, the halogen atoms in substituted sub- 
stances, such as isoflurane or halothane, may undergo 
specific interactions with chemical groups that 
exhibit electron donor properties [43]. The observed 
differences in the shifts of sodium and potassium 
current steady state activation could be correlated 
[33] in terms of electron-accepting anaesthetics 
shifting more potassium current activation, while 
anaesthetics that can donate electrons shift more 
sodium current activation. 

As for sodium currents, changes in the activation 
time constants may be understood as a combination 


of increased rate constants (possibly as a result of 
changes in membrane fluidity) together with a shift 
along the voltage axis. 

In conclusion, the effects of a range of gaseous 
and volatile anaesthetics on the Hodgkin—Huxley 
variables suggest that depression of potassium cur- 
rents, similar to depression of sodium currents, 
originates from more than one type of interaction. 
The comparison of the two current systems is 
consistent with the idea that, as well as interacting 
non-specifically with the adjacent lipid, certain 
anaesthetics may have an additional site of action in 
or on a membrane channel itself. 

More than one site of action. There is further 
evidence for specific anaesthetic interactions. Nor- 
mally, potassium currents in the squid giant axon do 
not inactivate, except in special circumstances [12]. 
However, potassium currents at larger membrane 
depolarizations exhibit a pronounced maximum (fig. 
7) in the presence of methoxyflurane, and certain 
other, but not all, halogenated ethers and n-decanol. 
Although other n-alcohols and benzyl alcohol also 
cause a decrease in potassium currents, the effect is 
most noticeable with the longer chain alcohols, such 
as n-nonanol and n-decanol [33]. Mathematically, 
inactivation of the potassium current may be de- 
scribed by an inactivation term [33], analogous to the 
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Fic. 7. Structure-function analysis of inactivation-like behaviour of potassium currents induced by different 

halogenated ethers and decanol [66]. Membrane potentials were depolarized to +75 mV. In the upper two panels, 

from left to right, only one (italics) chemical group has been changed in the halogenated ether molecule. In the bottom 

panels, the acidic hydrogen in the halogenated ether (left) and the alcohol decanol (right) have been changed (see text 
for full explanation). 


one used for the description of sodium current 
inactivation (fig. 3). The physical basis for this 
apparent inactivation is not yet clear. It could be the 
consequence of a channel block [2, 11, 47], but it is 
also possible that the compounds that lead to 
inactivation-like behaviour in potassium currents 
simply accelerate a process (just as inactivation in 
sodium currents is generally speeded up, see fig. 4) 
that is latently present [12] but too slow to be 
obvious under normal conditions. 

The presence of an acidic hydrogen atom in the 
halogenated ether molecule appears to be necessary 
but not sufficient to produce potassium current 
inactivation. The compound in figure 7B differs 
from that in figure 7A only by an additional CF, 


group that replaces a terminal fluorine atom. In 
contrast to lipophilic interactions, polar hydrogen 
bonding interactions are directed. Therefore, they 
may be compromised by inappropriate molecular 
dimensions (e.g. the above bulky CF, group) or 
competing interactions, such as the formation of 
hydrogen bonds by other acidic hydrogen atoms 
within the same substituted ether molecule. This 
could be the explanation as to why inactivation-like 
behaviour is not seen with isoflurane (two strongly 
acidic hydrogens), hardly present with enflurane 
(two strongly acidic hydrogens), but is pronounced 
with methoxyflurane (only one acidic hydrogen of 
comparable strength to the ones in isoflurane or 
enflurane). These findings may also be related to the 
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Fig. 8. Chain length dependence of n-alkanol concentrations 
(expressed as mole fractions) required to half-suppress peak 
sodium (@) or potassium (@) current (at large depolarized 
membrane potentials) [33]. The slopes of the curves yield a 
standard free energy of adsorption per methylene (CH,) group to 
the site of anaesthetic action. The values of —3.04 k] mol! 
(sodium current) and -2.91 kJ mol! (potassium current, low 
chain length) are very similar and suggest a lipophilic environment 
for the adsorption site. Note the deviation from linearity in the 
potassium current response to longer chain alcohols. 


observation that, depending upon the position of the 
halogen substitution, halogenated ethers may have 
anaesthetic or convulsive potency [58]. The halo- 
genated ethers that produce pronounced inactivation 
of potassium currents share certain structural fea- 
tures with the longer chain alcohols. In particular, 
they contain a lipophilic chain, since their oxygen 
atoms (fig. 7c and 7D) have lost their basicity and no 
longer have polar but rather alkane character. 
Because of this, the position of this oxygen within 
the chain no longer matters, both derivatives in 
figures 7c and 7p lead to inactivation. This 
lipophilic chain is terminated at one end by a polar 
group (an acidic hydrogen, fig. 7E) with a hydrogen 
bonding capability of comparable strength of alco- 
hols (the H in the —OH can hydrogen bond, fig. 7F). 
In these, the sizes of the molecules are similar to n- 
nonanol and n-decanol. The sizes of the molecules 
relate to the strength of their lipophilic interactions, 
which appear to be important in explaining their 
mode of action. It appears that the molecular volume 
of the hydrophobic portion of the anaesthetic 
molecule is critical. 

While the observation of inactivation-like be- 
haviour strongly suggests at least two different sites 
of action, more evidence comes from analysis of 
sodium and potassium current suppression by n- 
alkanols (fig. 8). When anaesthetic potencies (half- 
suppression concentrations) are plotted against the 
number of methylene groups, the slopes of the 
resulting curve yield, under certain assumptions, the 
free energy of adsorption per methylene group to the 
site of anaesthetic action [33]. The values for the free 
energies (fig. 8) reveal a lipophilic site and are almost 
the same as for adsorption into phospholipids or an 


n-dodecane-aqueous solution interface. For the 
potassium current, however, the magnitude of this 
free energy decreases for longer chain alcohols, as if 
they were progressively excluded from a lipophilic 
environment, suggesting a second site of action. The 
fact that no such exclusion occurs for the action of 
the same alcohols on sodium currents suggests that 
although the sodium and potassium current systems 
reside in the same membrane, they are surrounded 
by different lipids. Alternatively, these sites are on 
the channel proteins themselves. Whichever possi- 
bility proves correct, it appears clear that there must 
be more than one site of anaesthetic action. 


CONCLUSION 


Diversity of anaesthetic mechanisms and sttes of 
action 


Not all anaesthetics act alike. Their actions depend 
on their physico—chemical properties. Functionally 
and structurally different groups may be distin- 
guished for small organic compounds with anaes- 
thetic actions. Any one anaesthetic suppresses mem- 
brane ion currents by more than one action, while 
anaesthetics from different groups have distinct 
spectra of anaesthetic actions. When the different 
effects are summed, the suppression of sodium and 
potassium currents correlates with lipid solubility 
(fig. 9). 

While the case for more than one site of anaesthetic 
action is strong, their locations have not been 
unambiguously identified. Based on consistency 
arguments, the lipid bilayer interior, in addition to 
the bilayer interface, as well as polar groups at or 
around the sodium channel protein, appear to be 
probable candidates. Even hydrophobic domains on 
the sodium channel] protein itself cannot be excluded. 
Evidence from macroscopic current measurements 
concerning the underlying molecular mechanisms is 
indirect, but surface potentials, membrane thickness, 
surface tension, microviscosity and hydrogen bond- 
ing have been invoked; however, molecular rather 
than macroscopic techniques appear to be required 
in order to unambiguously identify anaesthetic 
actions on a molecular scale. 

The pattern that emerged when comparing an- 
aesthetic actions on sodium, potassium and gra- 
micidin channels, may suggest that different an- 
aesthetic compounds have similar lipophilic inter- 
actions with different ion channels, but that they 
differ in terms of additional polar interactions, for 
example, hydrogen bonding. However, lipophilic 
interactions appear to be important. As has been 
discussed, sufficient lipophilic volume of the an- 
aesthetic appears to be required before certain 
anaesthetic actions are observed. However, it may be 
the polar interaction that gives an anaesthetic 
molecule its distinct characteristics and may lead to 
differentiation between different groups of anaes- 
thetics. In this sense, isoflurane and enflurane may 
have become more specialized general anaesthetics 
than their parent compound ether, while propofol 
may be in some ways more closely related to 
relatively undifferentiated inhalation anaesthetics 
than to other i.v. anaesthetics. 
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Fic. 9, Meyer—Overton correlation for human MAC equivalent (W) (data as in fig. 2, slope —0.991) as well as Nat 

current (O) (slope — 0.975) and K* current (@) (slope — 0.945) half-suppression [22, 33, 60]. Octanol: water (0: W) 
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correlation for potassium current suppression. E = Ethanol; N,O = nitrous oxide; ET = ether; B = benzyl alcohol; 
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Clearly, ion channels may differ in their sen- 
sitivities to different groups of anaesthetics. The 
comparison of anaesthetic actions on voltage-gated 
sodium and potassium channels discussed above has 
shown that in peripheral nerve, many of the gaseous 
and volatile anaesthetics suppress sodium currents 
more than potassium currents, with the group of 
halogenated ethers forming at least one exception 
(fig. 9). Thus it has become clear that in order to 
fully understand the molecular mechanisms of 
anaesthesia, the whole range of anaesthetics has to be 
studied and that caution should be exercised before 
general conclusions are drawn from examining only 
a few anaesthetics on a single type of preparation. 


Potential correlations between molecular and clinical 
or physiological effects 

It appears that each individual species of mem- 
brane ion channel has its own characteristic set of 
responses when exposed to a range of anaesthetics. 
Like fingerprints, these responses should be useful 
in identifying ion channels and possibly neuronal 
circuits that play an important role in a clinical or 
physiological reaction during anaesthesia. There are 
several examples of potential correspondences. 
Artusio observed that the clinical excitement phase 
was seen only during diethyl ether induction but not 
when patients returned to consciousness [4]; in the 
squid giant axon, excitability often increased during 
induction and then returned to normal because 
different anaesthetic effects appeared to reach their 
steady state values more rapidly than others [27, 28]. 
Electroencephalographic studies of seizure activity 
in dogs during anaesthesia reported seizure-like 
EEG tracings with ether derivatives but not with 


non-ethers [37], correlating with the absence or 
presence of spontaneous action potentials in the 
squid giant axon when exposed to the same an- 
aesthetic [66]. Halogenated ethers may be quali- 
tatively different in their actions on sodium as well as 
on potassium channels; the number and position of 
the acidic hydrogens these halogenated ethers pos- 
sess appear to be important in determining their 
actions and may also be the explanation for why 
some halogenated ethers act as anaesthetics, but 
others act as convulsants [58]. The importance of 
hydrogen bonding in the anaesthetic response is also 
consistent with a recent finding of stereospecificity in 
the action of optical isoflurane isomers on molliuscan 
potassium conductance and nicotinic acetylcholine 
receptor [21]. The spontaneous firing of action 
potentials observed when exposing peripheral nerve 
to certain hydrocarbons [28] may be connected with 
cardiac arrhythmias observed with cyclopropane. 
Finally, the temporal dispersion increase in heart 
rate in the presence of local anaesthetics observed by 
Kasten [40] may be related to the variability increase 
in steady state activation of sodium channels caused 
by a barbiturate [23]. 

In order to elucidate the molecular mechanisms of 
anaesthetic interactions with membrane proteins, at 
least three different types of structure—function 
studies are required in which the following com- 
ponents are systematically varied: (i) the anaesthetic 
molecule, (41) the membrane protein, and (iii) the 
lipid bilayer composition. Studies of the first two 
types have already been carried out successfully 
using conventional macroscopic electrophysiological 
techniques. However, rather than varying membrane 
protein species, which has been done previously and 
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represents a large change, it will be of great interest 
to systematically alter the structure of a given protein 
using molecular cloning techniques [41] and monitor 
the resulting functional changes. Electrophysio- 
logical studies of this and the third type require a 
different approach, one of which will be discussed in 
another article in this volume. 
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STRUCTURE AND FUNCTION OF CALCIUM CHANNELS AND 
THE ACTIONS OF ANAESTHETICS 


D. A. TERRAR 


Specific channels for the flux of calcium ions across 
cell membranes are among the earliest ion channels 
to have evolved and are present in all animal phyla, 
including protozoa. Calcium channels are present in 
most cell types in the mammalian body and play a 
wide variety of functional roles in cellular processes, 
including control of transmitter and hormone re- 
lease, contraction of muscle (cardiac, smooth and 
skeletal), fertilization and the control of calcium/ 
calmodulin-dependent protein kinases. This article 
reviews the structure and function of various types of 
calcium channels and discusses the possibility that 
calcium channels may be targets for the actions of 
anaesthetics. It is clear that anaesthetics act on 
calcium channels in some tissues to cause unwanted 
or harmful effects (for example leading to reduced 
cardiac output as a consequence, at least in part, of 
altered calcium fluxes in cardiac ventricular muscle 
celis) and it is possible that actions of anaesthetics on 
calcium channels in neurones may contribute to loss 
of consciousness. There have been other recent 
reviews of various aspects of calcium channels 
[6, 20, 39, 61]. 


WHAT IS A CALCIUM CHANNEL? 


A calcium channel may be viewed as any channel 
which allows calcium ion flux across cell membranes, 
but such a definition would include for example end- 
plate channels at skeletal neuromuscular junctions 
which when open, allow calcium ions to enter, but 
which have a much greater permeability to sodium 
and potassium ions. In this review, calcium channels 
will include only those that show ability to dis- 
criminate in favour of calcium ions, often with 
selectivity ratios relative to other ions of more than 
1000. This ability to discriminate is functionally 
important in allowing selective calcium influx, since 
sodium ions are present in plasma at concentrations 
approximately 100 times greater than that of calcium. 
Under special circumstances (e.g. large depolar- 
izations), significant amounts of potassium may flow 
out of cells across calcium channels, but cytosolic 
concentration of potassium is approximately 10° 
times greater than that of free calcium. The ability of 
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calcium channels to favour permeation by calcium 
appears all the more remarkable when it is considered 
that the unhydrated radius of a calcium ion 
(0.099 nm) is not very different from that of sodium 
(0.095 nm) or potassium (0.133 nm) ions and that 
ions as large as tetramethylammonium (approxi- 
mately 0.6mm) may pass through under certain 
conditions [30]. Sodium ions permeate calcium 
channels much more readily if the calcium con- 
centration is small (less than 1 umol litre) and it is 
thought that selective binding of calcium ions to sites 
within a channel leads to exclusion of, for example 
sodium ions [2, 19]. This selective binding of calcium 
to perhaps two sites in the channel is therefore vital 
for the selectivity of calcium channels. As will be 
discussed later, the channels appear to be membrane- 
spanning proteins made up of several subunits. 


CLASSIFICATION OF CALCIUM CHANNELS 


The opening of calcium channels to allow calcium 
flux (often referred to as “‘gating’’) is in many cases 
controlled by the electric field across the membrane. 
These “‘voltage-gated calcium channels” may be 
distinguished from others where the opening is 
brought about by binding of a transmitter or 
hormone (“‘ligand-gated calcium channels’’). Early 
observations in invertebrate preparations first raised 
the possibility that there may be more than one 
voltage-gated pathway for calcium entry [15]. The 
simplest interpretation of these experiments was that 
there are distinct calcium channel types with dif- 
ferent voltage thresholds for activation and different 
kinetics for opening and closing. Similar obser- 
vations in cardiac muscle cells led to the suggestion 
of L and T type calcium currents [5]. Work in 
neurones also suggested multiple channel types [28]. 

At least three different methods may be used to 
classify calcium channels. The experiments outlined 
above are examples of the biophysical approach. 
Biophysical characteristics used to characterize 
channel currents include the range of membrane 
potentials over which channels are activated 
(“threshold voltage”), the kinetics of opening and 
closing (activation, inactivation and deactivation) 
and the conductance and lifetime of individual 
channels. Another means of classification 1s based on 
the ability of drugs and toxins to discriminate 
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between pathways. A third possibility is to use 
molecular biological characteristics. The channels 
are made up of protein subunits and discrimination 
between calcium channel types may be made at the 
level of amino acid composition of particular subunits 
or in the number and character of subunits making 
up the channel. 

All methods of classification have advantages and 
disadvantages and there are areas of disagreement 
and lack of information. It appears likely that broad 
groups defined on biophysical and pharmacological 
grounds may have to be subdivided because of tissue 
and species differences. It should be borne in mind 
also that neurotransmitters and hormones may alter 
the channel characteristics which have been used for 
characterization, making the picture even more com- 
plex. Molecular biological methods may eventually 
provide the most unambiguous separation of channel 
types, but the process of fitting together this new 
information with previous work has a long way to go. 


Biophysical methods 


Voltage-gated calcium channels are thought to be 
proteins which span the whole width of the cell 
membrane and which sense the electrical field across 
it, allowing control of opening and closing (processes 
which may be seen as voltage-dependent isomer- 
izations corresponding to the adoption of permeant 
or impermeant molecular conformations). Different 
types of channel may be activated (and inactivated or 
deactivated) by sensing different changes in electric 
field, for example if positive charges were arranged 
differently in various calcium channel proteins. 

These possibilities have been studied in single 
cells in which the total current across the cell 
membrane (“whole cell current”) is recorded in 
response to changes in membrane potential (by 
stepping the membrane potential at which the cell is 
voltage clamped from a steady “‘holding”’ level to a 
series of test potentials). It was found that some 
calcium current was activated by small depolar- 
izations from the resting membrane potential (“low 
threshold” or low-voltage-activated) while there 
appeared to be a separate phase of activation of 
calcium current for large depolarizations (“high 
threshold ” or high-voltage-activated) [5, 13, 15, 40]. 
Also, the time to peak and rate of decay of the 
currents appeared to differ for the low threshold (fast 
to peak with rapid decay) and high threshold (slower 
time to peak and slower decay) pathways. Similar 
observations have been made in a variety of cell types 
and, as mentioned above, led to the designations T 
for transient and L for long lasting [5, 13, 32, 40, 61]. 
While this separation appears justified, the terms 
themselves should be treated with caution since L 
type currents in cardiac muscle, while slower than T 
type currents in the same tissue, are considerably 
faster than L type currents in smooth muscle or in 
many neurones; for example compare dihydro- 
pyridine-sensitive calcium currents in cardiac muscle 
[36] with currents in neurones [13]. 

Studies using patch—clamp techniques to reveal 
activity of single channels showed that clear dif- 
ferences could be detected between channels thought 
to correspond to T and L type currents [40]. For T 
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channels the average open times were short and the 
conductance of individual channels small, in contrast 
to the L channels which were relatively large and 
long lasting. In some tissues, particularly neurones, 
a third category of channels was discovered with 
characteristics intermediate between those of T and 
L [24, 40, 44]. These were referred to as N, initially 
because they were neither T nor L, but the 
terminology appeared more justified when it became 
clear that N channels are particularly important in 
neurones. One point, in relation to single channel 
studies, is that almost all the work has been carried 
out using barium in place of calcium as a charge 
carrier to make the measurements less difficult 
(partly since the duration of openings of the 
calcium/barium channels is increased and partly to 
block potassium channels). 

Another calcium current which does not appear to 
fit into the above categories has recently been 
described in neurones and is designated P because it 
was first described in Purkinje cells (27, 50]. It is 
thought to occur in the preterminal fibre of the squid 
giant synapse also [27]. ‘The channel carrying this 
current appears to be activated by intermediate or 
high voltages and to show slow inactivation. The 
channel conductance is approximately 10-12 pS. 


Pharmacological methods 


Additional support for L, T, N and P channels is 
provided by experiments with drugs and toxins, 
although it should be emphasized that there are 
indications, even from observations described so far, 
that these categories may themselves require sub- 
division. Perhaps the most well known and widely 
used blocking substances at calcium channels are the 
dihydropyridines, such as nifedipine. These drugs 
selectively block L channels, with little or no effect at 
T, N or P channels [5, 13, 32]. The dihydropyridine 
Bay K 8644, which acts as an “‘agonist”’ to selectively 
enhance the opening of L type calcium channels, has 
proved even more useful in separating channel types 
(38, 40]. There is less ability to discriminate in the 
case of the currently available substances acting on T 
channels: amiloride [57] and tetramethrin [62] have 
been used, and Ni shows a small preference for T 
compared with L channels (in contrast to Cd which 
shows opposite, although minor selectivity). Another 
useful substance for investigation of calcium chan- 
nels is @-conotoxin, from the marine mollusc Conus 
geographus, which appears to act on N channels, 
without effects on T or P channels, although L 
channels are reduced in some preparations [31, 41]. 
For P channels, FTX toxin from the funnel-web 
spider is thought to act as a selective blocker [27]. 

Data supporting classification of calctum channels 
on a biophysical and pharmacological basis are 
summarized in table I. 


Molecular biological methods 


The structure and functions of sodium, potassium 
and chloride channels are discussed elsewhere in 
this issue and it is clear that different types of 
channels, including the calcium channels considered 
here, share many features in common. The first 
calcium channel to be investigated in detail was the 
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TABLE I. Classification of calcium channels based on biophysical and 

pharmacological characteristics. + Measured with barium as a charge 

carrier, DHP = Dikydropyridine; F-toxin = funnel web spider 
(Agelenopris) toxtn 


Calcium channels 
L N T P 
Activation range +ve to +ve to +ve to +ve to 
—-10mV —20mV —70mV ~—40mV 
Rate of Slow Fast(?) Fast Slow 
inactivation 
Single channel 25 15 8 12 
conductance 
(PSY 
DHP sensitivity Sensitive Resistant Resistant Resistant 
(antagonist 
and agonist) 
Conotoxin Weak(?) Strong Weak Weak 
Sensitivity 
F-toxin Weak Weak Weak Strong 
sensitivity 


dihydropyridine binding site in skeletal muscle 
[8, 9]. The transverse tubular membranes of skeletal 
muscle provide a rich source of this protein which is 
thought to play an important role in excitation— 
contraction coupling. The extent of calcium flux 
through this protein when it is in place in the 
transverse tubules ts thought to be limited, although 
it may function as a calcium channel (of the L type 
since it is sensitive to dihydropyridines) in artificial 
membranes [9, 20, 51]. 

The protein is thought to comprise five subunits 
(al, a2, B, y, ©) [8]. The amino acid sequence of the 
a1 subunit was the first to be determined by cloning 
and sequence analysis of DNA complementary to its 
mRNA [56]. The «1 subunit was found to comprise 
1873 amino acids. This component shows many of 
the important features of the L type calcium channel 
(ability to bind dihydropyridines, ability to carry 


calcium current in cells transfected with com- 
plementary DNA for this subunit but lacking the 
other subunits, phosphorylation by cAMP-depen- 
dent protein kinase). It also shows striking sequence 
homology with other cation channels, including the 
sodium channel. 

The folding of the «l subunit in the membrane 
was suggested to be as shown in figure 1, based on 
the predicted hydrophobicity of different sequences 
[56]. There are four sets of six a helical trans- 
membrane sequences. In each of these sets of six, the 
fourth (S4) region contains many positive amino 
acids (consistent with a role as a voltage sensor for 
this voltage-gated channel). The structure of the 
channel is considered in more detail below. 

Similar molecular biological methods have been 
used to determine the amino acid sequence of the a1 
subunit of the cardiac L type calcium channel, which 
has been found to be 2171 amino acids in length and 
to show 66% sequence homology with the cor- 
responding skeletal muscle subunit [35]. Thus these 
techniques show that the L type channels from the 
two sources are similar but not identical. More 
cDNA clones with sequence homology to the skeletal 
and cardiac muscle L type al subunit have been 
isolated from rat brain [53]. These clones have been 
classified into four groups: A, B, C and D. It has 
been suggested (on the basis of Southern blot 
analysis and DNA sequencing) that each group 
corresponds to a distinct gene or gene family. 
Another research group [43] used a different no- 
menclature, with classes 1—5. In this terminology, 
class 1 corresponds to skeletal muscle L type al, 
class 2 (Snutch class C) to cardiac L type al, class 3 
(Snutch class D) to neuroendocrine L type al, class 
4 (Snutch class A) to a neuronal channel type 
(possibly P) and class 5 (Snutch class B) to another 
unknown neuronal channel type [61]. Note that the 
a1 subunit of L type channels may well show 
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Fic. 1. Proposed folding of the al subunit of L type calcium channels in the surface membrane. There are four 
repeated sets of six transmembrane « helices. The fourth in each set contains a number of positive charges and may 
act as the sensor for voltage gating. In A, the B chains between the fifth and sixth « helix in each of the four sets are 
shown in the extracellular medium, whereas in B this region is shown folding into the membrane where it is postulated 

to form part of the lining of the pore (see text). , 
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structural similarities with components of N, T and 
P channels. Indeed, recent evidence shows that o- 
conotoxin-sensitive N type channels contain an gl- 
like subunit [1]. Thus molecular biological ap- 
proaches continue to yield exciting new information 
on the structures of different calcium channels and 
classification on this basis may eventually supercede 
Classification on biophysical or pharmacological 
grounds. 


STRUCTURE OF CALCIUM CHANNEL OF SURFACE 
MEMBRANE 


The peptide chain of the al subunit of the calcium 
channel is thought to contain four repeats, each 
containing six æ helical membrane-spanning se- 
quences (fig. 1) and that the four sets are arranged in 
a ring in the membrane to form the pore of the 
channel, as shown in a top view (looking down on the 
channel) in figure 2. Recent experiments have led to 
the suggestion that the B strands (P region) between 
the fifth and sixth membrane-spanning a helices, 
which were originally placed outside the membrane, 
are in fact themselves within it, and the four similar 
regions on each of the four sets may form part of the 
lining of the pore (see fig. 1B). The evidence for this 
is most convincing for potassium channels 
[16, 64, 65], although it has been argued that the 
same structure is likely for cation channels, which 
includes calcium channels [54]. Recent evidence 
supports this suggestion and also shows that single 
mutations may confer calcium channel character- 
istics on the sodium channel protein [17]. What are 
the functions of the remaining subunits (fig. 3)? The 
presence of «2 and 6 subunits has been found to 
increase the amount of æl incorporated into the 
membrane and thus to increase calcium current [35]. 
The «2-8 complex and y subunits are also thought to 
modify the voltage-dependent gating characteristics 
of the channel [52]. The B subunit of cardiac muscle 
has also been found to increase peak currents and to 
accelerate activation kinetics [42]. Heterogeneity of 
subunits has been described (e.g. B subunits in 
cardiac muscle [22]) and it seems that expression of 
different types of subunits may have functional 
importance in determining precise characteristics of 
calcium channels. 


CALCIUM CHANNELS OF INTERNAL MEMBRANES 


The internal membranes of cells also contain calcium 
channels which are important for releasing calcium 
into the cytosol where calcium ions can regulate cell 
function. Two types are known, one of which is 
stimulated to release calcium in response to inositol 
1,4,5-triphosphate (IP3) and another which is very 
sensitive to a plant alkaloid, ryanodine. The ryano- 
dine receptor in sarcoplasmic reticulum membranes 
is thought to function differently in skeletal and 
cardiac muscles: in both cases, calcium is released to 
control contraction, but for skeletal muscle, the 
dihydropyridine receptor in the surface membrane is 
thought to sense the voltage change during an action 
potential and interact with the “foot” of the 
ryanodine receptor to open it, whereas in cardiac 
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Fig. 2. Diagrammatic representation of the surface of the al 

subunit viewed from above, looking down from the extracellular 

medium. The four sets of « helices (and the folded B chains) are 

thought to be arranged in a ring with the pore formed at the 
centre. 


i 





Fic. 3. Possible arrangement of subunits of the L type calcium 
channel. Sites for phosphorylation are shown on the al and fB 
subunits (based on [8, 9]). 


muscle calcium entry through the surface membrane 
is thought to be the major trigger to open the channel 
[9, 12, 20, 51]. The structure of the skeletal muscle 
ryanodine receptor has been determined and shows 
features in common with the surface membrane 
calcium channels [25, 55]. The IP3 receptor, isolated 
from rat cerebellum, also shows structural similarity 
with other calcium channels [14]. 


FUNCTIONS OF CALCIUM CHANNELS 


Since the actions of calcium are so widespread, it is 
difficult to summarize known functions of this ion. It 
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Fic. 4. Effects of isoflurane on L type calcium currents recorded 
from a guineapig isolated cardiac ventricular cell. Records are 
superimposed before and during (arrows) exposure to isoflurane 
1.2 mmol litre“! (corresponding to 3.2% on the vaporizer under 
the conditions of the experiments). Upper curves: voltage clamp 
depolarizations from —40 to OmV; middle curves: calcium 
current (shown in other experiments to be sensitive to nifedipine 
and verapamil); lower curves: measure of cell shortening (from 


[59]). 


is perhaps because of the ubiquitous use of calcium 
as an intracellular messenger that all cells maintain 
their resting calcium at very small concentrations 
(approximately 100 nmol litre, far from equilib- 
rium with plasma). The importance of calcium entry 
to control contraction in various types of muscle and 
to induce release of neurotransmitters and hormones 
is well known. In signalling of the nervous system, 
an increase in cytosolic calcium which follows 
activation of surface membrane calcium channels 
often modulates the activity of other ion channels 
(e.g. potassium [34] and chloride [11]), which in 
turn may modulate neuronal excitability. Calcium 
channels themselves may play a role in regulating the 
excitability of neurones [6, 26]. Calcium also plays a 
role in transduction of various sensory stimuli into 
neuronal activity (including auditory [21] and visual 
[33] stimuli). Calmodulin is present in all cells and in 
both excitable and non-excitable cells changes in 
cytosolic calcium (which may arise from calctum 
entry through the surface membrane or from release 
from internal stores) are known to regulate calcium- 
calmodulin-dependent protein kinases which in 
turn regulate various aspects of cell function, often 
interacting with other protein Kinases. Release of 
calcium from intracellular stores is functionally 
important in most cells. It is thought that the IP3 
release channel appeared early in evolution and is 
present in all animal phyla including protozoa [20]. 


ACTIONS OF ANAESTHETICS ON CALCTUM CHANNELS 


General anaesthetics exert a variety of effects on the 
cardiovascular system, which are consistent with 
actions of anaesthetics on calcium channels (e.g. 
inhibition of SA node automaticity [7], prolongation 


of A-V conduction time [4] and depression of 
myocardial contractility [46]). Direct evidence for 
this effect on dihydropyridine-sensitive L type 
calcium channels in cardiac ventricular muscle cells 
has been obtained in voltage-clamped cardiac ven- 
tricular cells for several commonly used anaesthetics, 
including halothane [58], isoflurane [59], enflurane 
[48] and propofol [47]. An example of such a record 
is shown in figure 4, where it can be seen that 
isoflurane 1.2 mmol litre! (corresponding to 3.2% 
on the vaporizer under the conditions of the 
experiments) reduced the amplitude of the calcium 
current. The reduction of the contraction accom- 
panying the calcium current was greater than that of 
the current itself. It was known from whole animal 
studies that different anaesthetics may have different 
effects on cardiac contractility (e.g. halothane appears 
to cause greater depression of myocardial contrac- 
tility than isoflurane). At the single cell level, 
although reduction of calcium influx across the 
surface membrane is thought to contribute to a 
reduction in contraction, it has been suggested, from 
comparisons of different anaesthetics, that halo- 
genated volatile anaesthetics, in particular, may exert 
additional effects, perhaps on the release channel of 
the sarcoplasmic reticulum [47,59]. Indirect evi- 
dence supports this suggestion [49, 58, 59, 60]. 

More direct evidence for the action of halogenated 
anaesthetics on sarcoplasmic reticulum calcium 
channels has been provided by experiments in which 
cardiac trabeculae were chemically “‘skinned”’ with 
saponin, allowing calcium fluxes across the sarco- 
plasmic reticulum membrane to be studied. Halo- 
thane was found to stimulate calcium efflux from the 
sarcoplasmic reticulum [18]. Studies using fluor- 
escent probes to monitor cytosolic calcium also 
support the suggestion that halothane, enflurane and 
isoflurane decrease the calcium content of the 
sarcoplasmic reticulum by increasing calcium per- 
meability [23, 63], perhaps with additional effects on 
the uptake/extrusion mechanisms of the sarco- 
plasmic reticulum [63]. 

Recent evidence examining anaesthetic action on 
both L and T type calcium currents at the surface 
membrane of cardiac muscle cells shows that the 
activities of both channels appear to be approxi- 
mately equally suppressed by halothane, isoflurane 
and enflurane [10]. 

Actions of halogenated anaesthetics, such as 
halothane, at the level of the calcium release channel 
(ryanodine receptor) in skeletal muscle are thought 
to underlie malignant hyperthermia [29]. ‘The obser- 
vations support the suggestion that in pigs sus- 
ceptible to malignant hyperthermia, the sarcoplasmic 
reticulum calcium release channel is altered in such 
a way that the channel may be activated even at a 
cytosolic calcium concentration or pH that would 
normally be expected to maintain the channel in the 
closed state [29]. Similar conclusions were reached 
in a study of calcium release channels from patients 
who were susceptible to malignant hyperthermia. Of 
13 channels from these patients, seven were affected 
by halothane, increasing the probability of the 
channel to change from the inactive, closed state to 
an open state. This effect of halothane to increase 
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open state probability was associated with an overall 
increase in channel conductance. No effects of 
halothane were detected on 10 of 10 channels from 
negatively diagnosed subjects. The observations 
were again taken to support the suggestion of a 
defect in the ryanodine-sensitive calcium release 
channel from patients showing malignant hyper- 
thermia [37]. 

Preliminary evidence is available concerning the 
actions of the anaesthetics enflurane and propofol at 
the level of single L type calcium channels in the 
surface membrane, studied using the cell-attached 
patch-clamp technique applied to cardiac ventricular 
cells [47]. Openings of channels in response to 
depolarizing pulses were compared in the absence 
and presence of anaesthetics. Exposure to either 
enflurane or propofol applied in the solution bathing 
the cells caused the channels under the patch pipette 
to spend less time open and more time in the closed 
state, but did not alter the single channel con- 
ductance. It appears that the anaesthetics applied in 
the bath may gain access to the membrane beneath 
the patch pipette, although whether or not the action 
of the anaesthetics on the opening and closing of 
calcium channels is a direct effect on the channel 
proteins, or is a secondary consequence, for example 
of alterations in membrane lipids, remains to be 
determined. The reduced probability of single 
channel opening is consistent with reduction in 
whole cell calcium current by these anaesthetics [47]. 

Actions of anaesthetics on calcium currents in 
neurones have been reported recently. Halothane 
caused a dose-dependent reduction of calcium 
current (probably L type, HVN channels) in hippo- 
campal CA1 neurones. In rat sensory neurones, 
halothane and isoflurane were found to reduce both 
small and large voltage-activated calcium currents, 
with the small voltage currents showing the greater 
sensitivity [55]. It was suggested that since small 
voltage-activated calcium currents have been postu- 
lated to be involved in the control of neuronal 
excitability and bursting [25], block of this pathway 
may explain some of the clinical actions of volatile 
anaesthetics. However, in clonal (GH3) pituitary 
cells, large voltage-activated calcium currents were 
found to De More ensitive to reduction by halothane 
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fluxes in ventricular muscle cells), while in neurones, 
actions on calcium channels may contribute to the 
desired loss of consciousness. 

Our understanding of calcium channel structure 
and function depends on biophysical, pharmaco- 
logical and molecular biological evidence. Different 
types of voltage-gated calcium currents have been 
characterized according to the range of membrane 
potentials over which the currents are activated and 
inactivated, and by the timing of these processes. Ion 
channels carrying the current can be studied more 
directly using patch-clamp techniques and are 
identified by their single channel conductance and 
by their kinetics of opening and closing. At least four 
types of channel (L, N, T and P in one commonly 
accepted scheme of nomenclature) have been charac- 
terized in this way, although subdivision of these 
categories appears likely. Drugs and toxins provide 
further support for these divisions: dihydro- 
pyridines such as nifedipine act selectively on L 
type channels, the mollusc-derived m-conotoxin acts 
on N type channels and a component of funnel web 
spider toxin acts on P channels. Molecular biological 
approaches have shown that L type channels com- 
prise several subunits. The a1 subunit is a poly- 
peptide chain showing four repeated sections, each 
comprising six membrane-spanning sequences. The 
four repeated sections are thought to be arranged in 
a ring in the membrane, allowing calcium ion flux 
through a pore in the centre. The œl subunit is 
thought to contain the dihydropyridine binding site. 
Different aspects of channel function, such as 
discrimination between ions or the ability to sense 
changes in transmembrane electric field (allowing 
voltage gating), are thought to be determined by 
specific regions in the transmembrane sequences in 
each of the four repeats. Other subunits of the L type 
channel are thought to modify the behaviour of the 
al subunit in the membrane (for example the 
B subunit appears to accelerate activation of the 
channel). Less is known about T, N and P channel 
structure, but similarities in al-like subunits appear 
likely from the data available. Profound changes in 
channel function may occur after mutations affecting 
individual amino acids in the polypeptide chain and 
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EFFECTS OF VOLATILE ANAESTHETICS ON SECOND 
MESSENGER Ca?+ IN NEURONES AND NON-MUSCULAR CELLS 


H. G. KRESS AND P. W. L. TAS 


CYTOPLASMIC CALCIUM AND CELLULAR FUNCTION 


The regulation of intracellular calcium concentration 
is of vital importance to every living cell. Since 
calcium phosphate complexes are very insoluble, 
phosphorylation processes, which are necessary for 
life, could not exist if plasma concentrations of free 
calcium existed within the cytoplasm. Therefore, 
cells had to develop powerful means to reduce the 
intracellular Cat concentration. The resulting 
10000 fold gradient between extracellular and cyto- 
plasmic calcium concentration makes Ca** an ideal 
second messenger. Many physiological stimuli use 
calcium in signalling pathways, for example, trans- 
membrane signal transduction in haemopoietic, 
muscle, endocrine and nerve cells, and many of these 
calcium-dependent processes are influenced by halo- 
genated inhalation anaesthetics. However, evidence 
that volatile anaesthetics may interfere directly with 
the regulation of intracellular calcium and its second 
messenger functions is relatively sparse [59, 60]. 
_ This review focuses on calcium as a second 
messenger in non-muscular tissue, that is neurones, 
neurosecretory or glial cells, and how it 1s affected by 
volatile anaesthetics. Anaesthetic effects on calcium 
in heart cells is described elsewhere in this issue. 
Neurones use calcium transients for transmitter 
release and control of excitability [13, 82, 118], to 
integrate and communicate information. Both spatial 
and temporal control of intracellular calcium is 
necessary, and the multiple roles of Ca®* in neurones 
are reflected by the complex regulatory mechanisms 
involved [5]. Ca** regulation may be different for 
different parts of the neurone because of the 
distribution of Ca?t channels and Cat binding 
proteins within soma, neurites and synapses. Neuro- 
transmitter release is, for example, restricted to the 
synapse because of the presence of synaptic vesicles 
and the clustering of voltage operated Ca** channels 
(VOCC) in this area. This is a prerequisite for 
reaching Ca*+ concentrations large enough 
(200-300 umol litre!) to stimulate neurotransmitter 
release [5, 65]. 

Some of the functions of Ca®* in neuronal cells are 
depicted in figure 1. Cytoplasmic Cat increases 
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when Ca** flows through VOCC or receptor operated 
Ca** channels (ROCC), or when it is released from 
intracellular stores in response to inositol 1,4,5 
triphosphate (IP3) [11]. Increased Ca*t may change 
the activities of certain potassium and chloride 
channels in the plasma membrane, which may have 
profound influences on neuronal excitability [75]. 
Increased Ca** concentrations may further activate 
phospholipase C (PLC) [95], which cleaves phospha-~ 
tidy] inositol diphosphate (PIP2), and phospholipase 
A, which in turn cleaves fatty acids [6]. Prominent 
cytosolic targets for increased Ca?t concentrations 
include protein kinase C [92, 93], calpain [135] and 
calmodulin [21]. The protein kinase C signalling 
pathway appears to play an important role in synaptic 
transmission [30], the perception of pain [41] and 
in long-term potentiation and memory [63]. The 
calpains are a family of neutral proteases that are 
involved in the regulation of membrane proteins and 
the cytoskeleton in a number of cells, including 
neurones [135]. Calmodulin is a Ca** binding protein 
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Fic. 1, Immediate targets of Ca?* in neuronal cells. Cytoplasmic 
calcium ([Ca**],) is increased when Ca** flows through voltage 
(VOCC) or receptor operated (ROCC) calcium channels, or when 
it is released from intracellular stores in response to inositol 
triphosphate (IP3). Increased [Ca**], stimulates Ca?+-dependent 
K* or CI channels in the membrane. In the cytosol, [Ca**], 
stimulates protein kinase C (PKC), the Ca** binding protein 
calmodulin (CM) and the protease calpain (CP). Ca**—calmodulin 
in tum regulates calmodulin kinase II and calcineurin (CN) 
(protein phosphatase 2B). 
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that is located in the cell bodies and dendrites of 
most neurones but not in axons or presynaptic 
terminals [89]. It activates a number of specific 
proteins, including calmodulin kinase II, adenylyl 
cyclase, cyclic nucleotide phosphodiesterase and 
calcineurin [21]. Ca*t—calmodulin-dependent pro- 
tein Kinase II is concentrated particularly at post- 
synaptic densities [53] where it may play an im- 
portant role in neuronal function. Calcineurin (also 
Known as protein phosphatase 2B) is abundant in 
brain tissue and has been shown to be implicated in 
the inactivation of L type VOCC [19]. 

It is clear from these examples that Ca** plays a 
central role in the regulation of many neural and 
glial cell functions, and that any effect of volatile 
anaesthetics on intracellular Ca*t or its regulation 
may have implications for a plethora of neuronal 
processes, depending on their sensitivity to Ca**. 


REGULATION OF INTRACELLULAR CALCIUM 


Regulation of intracellular calcium concentration is 
very complex and involves at least four principal 
mechanisms (fig. 2). Increases in cytoplasmic Ca?+ 
follow each cycle of nerve cell activity. Ca** enters 
the cell via several distinct types of voltage (table I) 
or receptor operated membrane ion channels (table 
II) or is released from endoplasmic reticulum [82]. 

The resulting calcium signals may be modulated 
and terminated by binding to high-affinity calcium 
binding proteins (calmodulin, parvalbumin, cal- 
bindin, calcineurin [37]), by sequestration of calcium 
in intracellular organelles, such as endoplasmic 
reticulum [13] or mitochondria [104], and by 
extrusion of calcium from the cell by membrane 
transport systems capable of overcoming the large 
transmembrane concentration gradient of calcium. 
Two major transport systems have been identified: 


Nat/Kt 


Exchanger 





Plasma membrane 


Fic. 2. Regulation of cytoplasmic Ca** concentration ({Ca**},). 
Ca™* flows into the cell through voltage operated (VOCC) or 
ligand activated (LAC) calcium channels. Ca?t may be released 
from the endoplasmic reticulum (ER) by inositol 1,4,5 tri- 
phosphate (IP3). Ca** is removed from the cytoplasm by calcium 
binding proteins (CaBP) or is taken up into the ER via a Ca'* 
pump. Ca** may be removed from the cell by a Ca?* pump or a 
Nat-Ca?t exchanger. Mitochondria (Mito.) may participate 
transiently in Ca*t homeostasis when the capacities of the other 
systems are exceeded. The major influx pathway of this organelle 
is an electrogenic Ca** uniporter, the major efflux pathway is a 
2 Nat-—Ca®* exchange carrier, 
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the ATP-driven Ca?* pump [18] and a Nat—Ca?* 
exchanger which is driven by the Na* concentration 
gradient maintained by Na*-K*+ ATPase. The Ca?+ 
ATPase has a high affinity for Ca** but a small 
transport capacity and is therefore well suited for the 
regulation of resting concentrations of calcium. 
The Nat—Ca* exchanger has a low affinity, but a 
large transport capacity for Ca®*. Therefore, it is 
active after large increases in intracellular Ca** 
concentration. 


EFFECTS OF VOLATILE ANAESTHETICS ON 
CYTOPLASMIC CALCIUM IN RESTING CELLS 


Volatile anaesthetics increase cytoplasmic Ca** in a 
number of cells and tissues, including hepatocytes 
[48,49], mouse brain synaptosomes [24], hippo- 
campal slices [85], rat phaeochromocytoma PC12 
cells [125], peripheral blood mononuclear cells [55], 
L6 muscle cells [54] and rat glioma C6 cells 
[unpublished observation]. Because of the complex 
regulation of Ca**, in most cases it is not known 
which of the cellular stores or processes is re- 
sponsible for the observed increase in Cat, 

In peripheral blood mononuclear cells, cytoplas- 
mic Ca?+ was reduced greatly after removal of 
extracellular Ca?*, indicating that Ca?* influx may be 
responsible for the observed Ca*®* increase [55]. In 
L6 muscle cells, however, approximately 50 % of the 
Ca** increase was a result of release from intracellular 
stores [54]. In hepatocytes, halothane has been 
shown to increase cytoplasmic Ca** by stimulation of 
phospholipase C-mediated formation of IP3 [44]. In 
slices of rat brain, on the other hand, halothane did 
not have any effect on inositol phosphate accumu- 
lation in the presence or absence of receptor agonists 
[8]. 

It has been reported also that volatile anaes- 
thetics stimulated the release of #°Ca** from non- 
mitochondrial stores in saponin permeabilized 
hepatocytes [49]. Halothane also inhibited the up- 
take of Ca** into brain mitochondria [109]. To date, 
no data exist on the effects of volatile anaesthetics on 
Ca** extrusion by Ca*t ATPase or the Nat—Ca**t 
exchange, both of which are affected by other general 
anaesthetics [36, 136]. 

The anaesthetic-induced increase in cytoplasmic 
Ca** may activate potassium conductance that hyper- 
polarizes the cell, thus reducing its excitability. This 
hyperpolarization of vertebrate CNS neurones has 
been observed for many general anaesthetics 
[59, 60,91]. The idea that increased Ca?* may be 
important for anaesthesia was supported also by 
experiments that showed prolongation of ethanol- 
induced anaesthesia by intraventricular injection of 
Ca** [28]. In hippocampal slices, the increase in Ca** 
by halothane activates a GABA,~-meduiated chloride 
current leading to depressed neuronal excitability 
[85]. 


VOLTAGE OPERATED CALCIUM CHANNELS 
Physiology, biochemistry and pharmacology 


Voltage operated calcium channels (VOCC) rep- 
resent the principle means for Ca** to enter the cell 
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VOLATILE ANAESTHETICS AND Ca?* 


TABLE I. Classtfication of voltage operated calcium channels by 

electrical and pharmacological properties, LVA = Low voltage 

activated; HVA = high voltage activated; DHP = dihydro- 
pyridine; w-Cg Tx = omega-conotoxin 


Channel type 

T L N P 
Threshold of LVA HVA HVA HVA 
activation 
DHP No Yes No No 
sensitivity 
wo-CgT x No (No) Yes No 
sensitivity 
Tissue Neuronal/ Neuronal/ Neuronal Neuronal 

Non- Non- 

neuronal neuronal 


[9, 81, 83]. As molecular cloning has revealed, 
VOCC are members of the voltage operated ion 
channel super family which also includes Nat and Kt 
channel proteins [83, 121, 129, 130]. Within this 
super family, VOCC constitute a whole family of 
different ionophores that, until recently, were classi- 
fied mainly according to their electrophysiological 
and pharmacological characteristics [94, 121, 130] 
(table 1). Based on the level of membrane depolar- 
ization required for activation, at least two distinct 
classes of VOCC coexist in many vertebral cells 
(ranging from fibroblasts to peripheral and central 
neurones): low voltage activated (LVA) and high 
voltage activated (HVA) Ca** channels 
[94, 105, 121, 130]. 

LVA, or T (for “‘transient’’) type Ca**+ channels 
may be distinguished clearly from HVA channels by 
the low-voltage threshold of activation and the 
transient opening of LVA as a result of rapid and 
purely potential-dependent inactivation [94, 121, 
129, 130]. Thus in excitable cells, variation of 
neuronal rest potential affects the activity of T type 
VOCC, which in turn affects the excitability of the 
cell membrane. LVA channels are thought to 
enhance excitability, to promote bursting of central 
neurones and to control spike firing patterns in a 
number of different neural cell types. T channels are 
found on central and peripheral neurones, as well as 
in non-neuronal tissues including cardiac and 
smooth muscle, fibroblasts and secretory cells 
[9, 130]. In general, T type VOCC are relatively 
resistant to dihydropyridines, such as nifedipine, or 
other organic Ca?t channel blockers (diltiazem, 
verapamil). Other compounds have been reported to 
block T channels in neurones in an unspecific 
manner (e.g. diphenylhydantoin, amiloride, octanol, 
tetramethrin and nickel) [129, 130]. 

HVA calcium channels are characterized by a large 
threshold of activation; slow inactivation is de- 
pendent strongly on the internal Ca** concentration 
and their fast deactivation [9, 121, 130]. The first 
HVA channel that was characterized extensively was 
the so-called L type (for long-lasting) VOCC found 
in almost every cell (e.g. heart, smooth muscle, 
endocrine and neuronal cells). L type VOCC are 
defined as HVA channels sensitive to dihydro- 
pyridine agonists (Bay K 8644) and antagonists (e.g. 
nifedipine, nicardipine) and may thus be distin- 
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guished from T, N and P type VOCC, which are 
generally resistant to dihydropyridines (table I) 
(83, 114, 129]. 

In the late 1980s, apart from the L type current, an 
additional HVA Ca®* current was described in chick 
dorsal root ganglion cells using electrophysiological 
and pharmacological criteria, such as inactivation 
kinetics, holding potential, single channel properties 
and sensitivity to dihydropyridines. This VOCC, 
that proved to be resistant to dihydropyridines, but 
very sensitive to omega-conotoxin GVIA (@-CgTx), 
a peptide toxin derived from the piscivorous marine 
mollusc Conus geographicus, was named the N type 
(neither T nor L) channel [94, 98]. N type channels 
are distributed widely in the nervous system but do 
not appear to exist in muscle [7, 32, 69]. Recently, 
they have been found also in endocrine cells from 
anterior pituitary, pancreas, adrenal gland and neural 
cell lines, such as PC12 [114,115]. N channels are 
assumed to play a major role in mediating transmitter 
release which is affected little by dihydropyridines 
[25, 26, 38, 43, 45, 56, 97, 106, 114]. This notion is 
supported by the subcellular distribution of N 
channels and the predominant localization in “‘active 
zones” of the presynaptic terminals of peripheral 
neurones, where they may supply Ca** for trans- 
mitter release [83, 114,129,130]. Their contri- 
bution in cortical neurones is likely to be substantial 
since @-CgTx sites are 20 times denser than 
dihydropyridine sites in the brain [129]. However, 
their relative prominence varies between neurones 
of different species [45] and also from neurone to 
neurone within a species. For example, N type 
channels are the dominant Ca*+ entry mechanism 
in sensory, sympathetic and myenteric plexus 
neurones, but are largely absent in cerebellar 
Purkinje cells and possibly cerebellar granule cells 
also [105]. 

While many neurones exhibit N type (dihydro- 
pyridine resistant, @-CgTx sensitive) and L type 
(dihydropyridine sensitive, largely o-CgTx resist- 
ant) VOCC [38, 56], some also possess a significant 
fraction of a third HVA current, that differs 
insubstantially in its voltage dependence or kinetics, 
but is resistant to both types of channel blocker 
[68, 105, 121, 129] (table I). Since this novel class of 
HVA channels predominates in cerebellar Purkinje 
cells, these channels have been loosely designated P 
type [64], although it is not clear how many channel 
types actually exist in this category [42, 64, 129]. At 
least in cerebellar Purkinje cells, P type VOCC are 
blocked by a peptide toxin obtained from the venom 
of the funnel web spider Agelenopsis aperta 
(64, 84, 129]. 

Our understanding of the functions of the different 
subtypes of VOCC within the nervous system is 
limited severely. L type channels are localized at the 
cell body and at the base of major dendrites in 
hippocampal pyramidal cells and sympathetic neur- 
ones [127], whereas œ-CgTx sensitive VOCC are 
found in clusters that coincide with the site of 
synaptic contacts [106,114,130]. At the neuro- 
muscular junction, o-CgTx sensitive channels are 
expressed exclusively in the presynaptic area, cor- 
responding to active zones, where fusion of synaptic 
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vesicles and release of transmitter is known to occur 
[114]. It is therefore tempting to speculate that Ca?* 
influx through L type VOCC located at the cell 
bodies may be relevant to the regulation of Ca**- 
dependent intracellular events, such as protein 
phosphorylation or activation of gene expression, 
whereas the strategic presynaptic localization of œ- 
CgTx sensitive channels might be necessary for 
rapid generation of large Ca** transients able to 
trigger fast and synchronous transmitter release 
from the nerve terminals [26, 98]. However, L and N 
type VOCC are only two members of the HVA Ca** 
channel family. P channels and, as yet unidentified 
VOCC insensitive to dihydropyridines or o-CgTx, 
may be of much greater importance to presynaptic 
transmitter release in a number of different species, 
neuronal cell types, or both [68, 105, 131]. 

Over the past two years, rapid advances in 
molecular biology have pointed to an even greater 
diversity of VOCC than is apparent from pharmaco- 
logically based functional grouping into T, L, N and 
P. In muscle and neuronal cells, diversity of L type 
VOCC occurs through (a) the expression of at least 
five different genes encoding distinct classes of pore- 
forming al subunits, (b) the production of alter- 
natively spliced a1 isoforms, and (c) regulation by 
associated subunits (a2/5; B;y) [66]. These sources 
of channel diversification form the basis for a 
functional diversity among L type HVA channels, 
so-called tissue specificity, and may explain dif- 
ferences in second messenger-dependent regulation 
or pharmacological sensitivity to channel blockers. 
Recently, the primary structure of a @CgTx and 
dihydropyridine insensitive HVA Ca** channel from 
rabbit brain, probably a P type VOCC, was deduced 
by cloning and sequencing the complementary DNA 
[86]. Further elucidation of the molecular properties 
of T and N type, or additional P type VOCC is 
expected in the near future. 


Effects of volatile anaesthetics on VOCC 


In the central nervous system, suppression of 
inward Ca** currents may be crucial in presynaptic 
nerve terminals by decreasing the amount of trans- 
mitter released [100, 142], and consecutively it may 
underlie the depression of excitatory synaptic trans- 
mission seen with volatile anaesthetics [100]. The 
idea that volatile anaesthetics block synaptic trans- 
mission by suppressing inward Ca** current in nerve 
terminals has been supported only by very limited 
electrophysiological evidence. As was demonstrated 
in the neocortex, the application of anaesthetic 
concentrations of isoflurane depressed the excit~ 
ability of neocortical neurones by interfering with 
the processes involved in synaptic excitation [27]. 
Similarly, the reduction in monosynaptic EPSP in 
the cat spinal cord in vivo during anaesthesia with 
halothane or diethyl ether has been attributed to a 
decrease in quanta of transmitter released per 
stimulus without affecting quantal size 
[62, 139, 140]. 

In slices from rat brain, the only significant effect 
of clinical concentrations of halothane was a decrease 
in the Ca*+-dependent noradrenaline release in 
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response to K+ depolarization, whereas no effect was 
observed on transmitter uptake, binding of adren- 
ergic agonist and antagonists, coupling to G proteins 
or receptor-mediated stimulation of cAMP or in- 
ositol phosphate formation [8]. Direct evidence is 
provided by in vitro investigations in rat hippo- 
campal CA1 neurones, where 1-3% v/v halothane 
caused marked and reversible suppression of a slow 
inward Ca** current evoked by depolarizing pulses 
[61]. By analogy with the inhibitory effects observed 
in the rat pituitary cell line GH3 (see also below) [39], 
the peak amplitudes of the inward currents were 
reduced in a concentration-dependent manner and 
decayed more rapidly. Although no detailed analysis 
was performed, the experiments suggest that LVA 
and HVA currents were depressed indiscriminately 
[61]. Since it is very difficult to study the action of 
anaesthetics on the mechanisms of transmitter 
release within the CNS, neurosecretory cells, such as 
adrenal chromaffin cell preparations or neural cell 
lines have been used to overcome these difficulties 
(39, 57, 58, 99, 119, 138]. 

At first glance, the results obtained in neuro- 
secretory cells derived from embryonic neural crest 
tissue appear contradictory and confusing. Depolar- 
ization with increased concentrations of potassium 
ions directly activated VOCC in these cells. Investi- 
gating the effects of 0.5-2.0 % v/v halothane on large 
Kt-induced catecholamine secretion and influx of 
45(°a** in bovine adrenal medulla cells cultured for 3 
to 7 days, Yashima, Wada and Izumi [138] did not 
find inhibition of VOCC-mediated *°Ca** uptake 
into these cells. As shown by the inhibitory effect of 
the L type Ca** channel blocker verapamil, this 
46Ca** uptake was largely L type VOCC-dependent. 
In freshly prepared suspensions of bovine adrenal 
medulla cells containing more than 60% chromaffin 
cells, however, halothane, enflurane, isoflurane and 
methoxyflurane produced significant dose- 
dependent suppression of **Ca**+ influx evoked by 
depolarizing concentrations of K+ [99]. The inhib- 
ition of the voltage-gated Ca** influx seen with all 
four agents was sufficient to account for the decrease 
in Kt-induced catecholamine secretion. The type of 
VOCC involved was not characterized [99], although 
the occurrence of L and N type channels has been 
described in bovine adrenal medulla cells [16]. Also 
in this study, the large K*-stimulated *°Ca** uptake 
was less sensitive to the inhibitory action of anaes- 
thetics than that evoked by stimulation of the 
nicotinic acetylcholine receptor with carbachol. 
Thus in these cell preparations, the IC; values for 
inhibition of large Kt-stimulated Ca** influx were 
above the clinical relevant concentration range of the 
anaesthetics tested [99]. 

In contrast, studies using well characterized clonal 
neurosecretory cell lines revealed a great sensitivity 
of LVA and HVA VOCC to clinical concentrations 
(i.e. < 1 mmol litre’ aqueous concentration) of 
volatile anaesthetics [39, 57, 58,119]. In the clonal 
rat phaeochromocytoma cell line PC12, which pos- 
sesses properties of adrenal chromaffin cells and 
sympathetic neurones, halothane, enflurane, iso- 
flurane and methoxyflurane showed dose-dependent, 
reversible inhibition of large K*t-induced Ca** influx 
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through dihydropyridine sensitive L type VOCC 
[57, 58], that was paralleled by inhibition of catechol- 
amine secretion [58]. Half-maximal inhibition oc- 
curred within the clinically relevant concentration 
range (<1 mmol litre). The nicotinic receptor- 
mediated Ca** response was equally sensitive to the 
volatile anaesthetics [58]. Since at least two in- 
dependent Ca?t channels participated in the nicotinic 
increase in Ca?+, one of which proved insensitive to 
nifedipine, the inhibitory action of the anaesthetics 
was not restricted to the L type HVA Ca** channel 
[58]. Studies in nerve growth factor differentiated 
PC12 cells, which also possess a large number of 
dihydropyridine insensitive VOCC [123], revealed 
dose-response curves indistinguishable from those 
obtained in undifferentiated cells, thus providing 
further evidence that the inhibitory effect of volatile 
anaesthetics is not restricted to L type VOCC [58, 
unpublished observations]. To date, however, no 
data have been reported on the sensitivity of N type 
or P type VOCC to volatile anaesthetics. 

In the clonal pituitary cell line GH3, clinical 
concentrations of halothane (0.5 mmol litre) in- 
hibited K* (10 mmol litre 4)-induced increase in 
cytoplasmic Ca?t and the corresponding prolactin 
secretion, without affecting resting Ca** concen- 
trations, membrane potentials or the secretory 
apparatus itself [119]. These biochemical results 
have been confirmed by extensive electrophysio- 
logical experiments carried out in the same GH3 cell 
line, using standard whole cell clamp techniques to 
examine the effects of a wide concentration range of 
halothane (0.1—5 mmol litre?) on LVA and HVA 
Ca** currents [39]. Halothane reduced both the LVA 
and HVA component of the Ca?* current. The fact 
that both currents proved substantially more sen- 
sitive to halothane than either voltage-dependent 
Nat or Kt currents in the same preparation [39] 
supports the view that volatile anaesthetics do not 
produce non-specific alteration in membrane ion 
conductance. Investigating possible mechanisms 
underlying the observed reduction of HVA Ca** 
currents, the authors concluded that halothane acts 
directly on that Ca?* channel. In particular, it was 
possible to rule out Ca**t-mediated inactivation of 
HVA current, the involvement of G proteins and 
rundown of the channel by dephosphorylation [39]. 

Interestingly, LVA (T type) Ca** channels proved 
less sensitive than HVA channels with half-maximal 
inhibition of peak current at 1.3 mmol litre: and 
0.8 mmol litre? of halothane, respectively [39]. In 
contrast to HVA currents, the reduction of LVA 
currents was associated with changes in activation 
and inactivation kinetics with only negligible changes 
in the peak current amplitude, thus resembling the 
effects of volatile anaesthetics on Na* current 
kinetics. The observed increases in activation and 
inactivation rates, however, were not sufficient to 
account for the reduction of peak LVA current. 
Therefore, reductions in the current flow through 
LVA ‘channels or in the number of open LVA 
channels were suggested as additional inhibitory 
mechanisms [39]. 

In neonatal and adult rat dorsal root ganglion 
cells, halothane and isoflurane reduced the amplitude 
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of LVA Ca®* currents more effectively than in GH3 
cells, showing a half-blocking concentration of 
halothane of approximately 0.1 mmol litre’ for 
neonatal cells [124]. Since the activation kinetics of 
the two LVA currents were quite different [39, 124], 
the observed differences in halothane sensitivity 
suggest that LVA channels may be heterogeneous 
between cell types and possibly even within a single 
cell [1, 112]. 

In contrast to GH3, where the HVA Ca?* current 
was found to be markedly more sensitive to halothane 
than the LVA component [39], the HVA Ca*t 
current in rat sensory neurones was insensitive, 
showing only 8% reduction at 0.25 mmol litre’, 
23% reduction at 0.5 mmol litre? and half-maximal 
reduction at approximately 1.5 mmol litre™ of halo- 
thane [124]. Taking into account the different 
halothane sensitivities reported for HVA Ca** 
channels in cells of distinct origin (dog [120] and 
bovine adrenal medulla [99, 138], rat PC12 cells 
(57, 58], rat pituitary GH3 cells [39, 119], rat sensory 
neurones [124]), these findings also suggest selective 
action of halothane on distinct members of a 
heterogeneous family of HVA Ca** channels, 
Whether or not channel proteins with distinct 
structural differences are responsible, or whether or 
not non-channel proteins or modulatory mechan- 
isms, such as protein kinases, second messengers or 
G proteins may underlie these different sensitivities 
to the inhibitory effect of volatile anaesthetics 
remains unclear. The difference in sensitivity to 
halothane found between HVA channels of GH3 vs 
dorsal root ganglion cells, for example, may be a 
result of structural or functional differences of the 
participating Ca** channels (N and L type VOCC?). 

Nevertheless, there is growing evidence from 
experiments with isolated neural cells and cell lines 
of neural crest origin, that at least some VOCC are 
very sensitive to the inhibitory effects of volatile 
anaesthetics. This suppression of Ca** currents may 
not only be crucial in presynaptic nerve terminals, 
but inhibition of postsynaptic Ca** currents may also 
be of critical importance, for example by interfering 
with the formation of memory traces [72, 126]. It 
will be interesting to elaborate the functional or 
structural differences between anaesthetic sensitive 
and insensitive Cat channels at a molecular level. 
The approach will provide new insights into the 
structural prerequisites for anaesthetic suscepti- 
bility, and may also reveal differences in channel 
regulation [40] and modification by second mess- 
enger mechanisms [113]. Thus different VOCC 
possessing different susceptibilities to anaesthetic 
inhibition may exist in a single cell, as well as in 
different cell types and species [26]. 


LIGAND OPERATED CALCIUM CHANNELS 


The binding of certain neurotransmitters to specific 
receptors also activates cation channels that ac- 
commodate Ca*t as well as many other ions [78]. 
These ligand operated Ca** channels represent 
another pathway for Ca®* entry that may be im- 
portant in both presynaptic and postsynaptic regu- 
lation of second messenger Ca**. Activation of 
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Fic. 3. Schematic representation of the N-methyl-D-aspartate 
(NMDA) receptor with its modulatory sites. The receptor 
contains two binding sites for agonists such as glutamate (Glu.) 
and NMDA. These sites are modulated positively by glycine 
(Gly.) and negatively by Zn**. The dissociative anaesthetics 
ketamine and phencyclidine (PCP) probably bind to a site close to 
the entrance of the cation channel, which is permeable to Nat, Kt 
and Ca?t. Binding of the anaesthetics blocks channel function. 
The Mg** binding site is probably located deeper in the cation 
channel. The presence of Mg” strongly inhibits channel ac- 
tivation. The binding site for the non-competitive NMDA 
antagonist MK 801 is also located in the channel pore. 


receptors that are part of, or closely linked to, their 
respective ionophores, such as the nicotinic acetyl- 
choline receptor or the receptor for the excitatory 
amino acid N-methyl-D-aspartate (NMDA), leads 
directly to the opening of the channel that is more or 
less selective for Ca** entry into the cytoplasma. 
Simultaneously VOCC are activated also [35, 88]. 

Finally, channels activated from the cytoplasmic 
side, probably by second messengers, may also 
participate in transporting Ca**t into the neurone. 
For certain G protein-coupled receptors [14], pre- 
viously called second messenger operated Ca** 
channels that are insensitive to both dihydro- 
pyridines and o-CgTx, have been described [78]. 
The exact mechanisms and the regulation of these 
channels are not clear. Unfortunately, the nomencla- 
ture concerning ligand activated Ca?* channels is not 
uniformly used in current literature. Both NMDA 
and nicotinic acetylcholine receptor activated 
channels and so-called second messenger operated 
Ca*+ channels are often referred to as receptor 
operated Ca** channels (ROCC). In this review, the 
term receptor operated Ca?t channel is applied 
exclusively to those formerly called second mess- 
enger operated channels (muscarinic receptor, endo- 
thelin 1 receptor), whereas ionotropic receptors (e.g. 
NMDA, nicotinic acetylcholine) are designated as 
ligand activated channels (LAC). As demonstrated 
in pituitary GH3 cells, thyrotropin-releasing-hor- 
mone-activated accumulation of IP3 and intracellular 
Ca®* release may also be associated with sustained 
Ca®* influx through HVA VOCC, suggesting inter- 
relations between Ca** entry pathways activated by 
agonists and by depolarization [35, 119]. 


Nicotinic receptor-induced Ca** influx 

The depressant effect of volatile anaesthetics on 
nicotinic acetylcholine receptor-induced catechol- 
amine secretion was a consistent finding in medulla 
cells and neurosecretory cell lines from different 
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species [33, 34, 58, 99, 120, 138]. The nicotinic re- 
ceptor itself, the receptor operated cation channel, 
membrane depolarization and the L type VOCC 
have all been discussed as potential target sites for 
volatile anaesthetics. 

Early work on cholinergic receptor stimulated 
catecholamine secretion from perfused dog adrenal 
medulla revealed indirect evidence that the halothane 
susceptible process might be Ca*t influx through 
receptor linked Ca*+ channels [120]. However, in 
this study, no Cat measurements were performed. 
In cultured bovine adrenal medulla cells, 0.5-2 % 
v/v halothane inhibited the nicotinic receptor- 
mediated influx of “Ca** in a dose-dependent, 
reversible and non-competitive manner. ‘This Ca**t 
influx proved sensitive to the inhibitory actions of 
the organic Ca** channel blockers diltiazem, vera- 
pamil and nifedipine, and was thus mainly mediated 
via L type VOCC [138]. 

Similarly, Pocock and Richards [99] observed a 
marked depression of nicotinic acetylcholine receptor 
stimulated *°Ca** influx and catecholamine secretion 
in freshly isolated bovine medulla cells at clinically 
relevant concentrations of halothane, enflurane, 
isoflurane and methoxyflurane. Since the **Na* 
influx through the nicotinic LAC was also blocked 
by the anaesthetics, this inhibition was sufficient to 
account for the marked decrease in Ca** influx and 
catecholamine secretion. Based on the lack of 
comparably strong inhibition of K+ activated VOCC 
in these cells, interaction of volatile anaesthetics with 
either the nicotinic receptor, the processes associated 
with its activation, or with the coupling between 
receptor and Ca** channels, has been assumed [99]. 

In the rat phaeochromocytoma cell line PC12, the 
nicotinic acetylcholine receptor stimulated Ca*t 
influx was only partially sensitive to nifedipine and 
involved at least two distinct pathways for Ca** 
entry: L type VOCC and the nicotinic LAC, which 
proved insensitive to nifedipine and has been shown 
to mediate nicotinic acetylcholine receptor-evoked 
secretion, even in the absence of external Nat 
[108, 134]. The fact that the nicotinic acetylcholine 
receptor-induced Ca** increase was at least as 
sensitive to clinical concentrations of halothane and 
isoflurane as the VOCC-mediated Ca?* response, 
also supports the assumption that the nicotinic LAC, 
the functionally linked dihydropyridine resistant 
VOCC, or both, or the nicotinic acetylcholine 
receptors are sensitive targets for volatile anaes- 
thetics [58]. 


NMDA activated channels 


L-glutamate, or a similar molecule, is probably the 
most widely distributed excitatory neurotransmitter 
in the brain. This amino acid can activate a variety of 
receptor subtypes, including NMDA, kainate, quis- 
qualate and AMPA receptors [70, 76, 117]. In this 
review, we focus exclusively on the NMDA receptor 
because it has been studied extensively and activation 
results in large Ca®* transients inside the cell. 

The NMDA receptor ionophore consists of a non- 
specific cation channel permeable to Nat, Kt and 
Ca?*, The NMDA receptor—ionophore complex 
shows pharmacological properties completely differ- 
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ent from VOCC. Although the LAC is blocked in a 
voltage-dependent fashion by small concentrations 
of Mg**, gating of the NMDA channel is not a 
voltage-dependent process. There are two agonist 
binding sites for which L-glutamate is presently the 
highest affinity endogenous ligand. Furthermore, it 
has a binding site for the co-agonist glycine [128], 
and sub-micromolar concentrations of glycine en- 
hance greatly receptor activation. The dissociative 
anaesthetic ketamine and the psychotropic drug 
phencyclidine antagonize NMDA-induced de- 
polarizations on rat spinal cord neurones non- 
competitively [2]. Their binding sites may be located 
near or in the NMDA receptor channel. A schematic 
presentation of the NMDA receptor and its binding 
sites is shown in figure 3. The glutamate-induced 
Ca** increase depends on the presence of Ca** in the 
extracellular space and is a result of both the 
activation of LAC and VOCC [88]. The Ca?+ 
increase inside the cell may in turn synergize with 
activated protein kinase [76]. NMDA receptor 
ionophores may be involved in excitatory synaptic 
transmission and in long-term potentiation [46], 
which is a sustained increase in synaptic efficacy 
after brief tetanic stimulation of certain excitatory 
pathways and has been assumed to be involved in 
information storage and memory [126]. 

For ketamine, there is good evidence that one site 
of action is the NMDA receptor—ionophore complex 
[137]. The intoxicating effect of several alcohols 
corresponds with their inhibition of the NMDA 
activated current [67]. The actions of volatile 
anaesthetics on the NMDA activated channel are not 
well documented and conflicting observations have 
been made. Whereas there is indirect evidence that 
volatile anaesthetics depress glutamate [107] or 
NMDA mediated neurotransmission [23, 71, 
72, 102, 111], other reports [10, 96] do not 
find it influenced. These discrepancies may relate to 
differences between species, preparations or ex- 
perimental techniques. Interestingly, enflurane in- 
hibited glutamate stimulated binding of the non- 
competitive NMDA antagonist MK-801 in rat 
cerebral cortex, and this inhibition could be antagon- 
ized by glycine [73]. Since, however, unspecific 
actions not located at the NMDA receptor-—channel 
cannot be excluded, direct measurements of the 
effects of volatile anaesthetics on NMDA-evoked ion 
currents are necessary. 

In the neocortex, the actions of glutamate or 
NMDA were attenuated sharply by isoflurane in a 
concentration-dependent manner [101]. Isoflurane 
and halothane suppressed the glutamate stimulated 
intracellular Ca** increase mediated by quisqualate 
or NMDA receptors in cultured hippocampal neur- 
ones, and NMDA or large Kt-induced Ca* re- 
sponses were similarly depressed in these cells 
[102, 103]. Thus the reduced Ca®* influx through 
both NMDA receptor operated channels and VOCC 
in the postsynaptic membrane may at least partly 
contribute to the observed depression of glutamate 
sensitivity by volatile anaesthetics. However, direct 
measurements of the inhibitory effects of volatile 
anaesthetics on NMDA activated currents have not 
yet been performed. 
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In addition to intracellular Ca?* release, agonist 
receptors linked to inositol phospholipid hydrolysis 
also cause the opening of cation channels permeable 
to Ca?+ [79]. These so-called receptor operated Ca** 
channels (ROCC) have been postulated to occur in 
most cells [90]. For example, the activation of ROCC 
has been observed with histamine [12], bradykinin 
[31], muscarine [51], thrombin [141], endothelin 
[20], ATP [52], ADP [110] and platelet derived 
growth factor [122]. More agonists and neuro- 
transmitters linked to ROCC will probably be found 
in the near future. 

ROCC are not inhibited by dihydropyridines or 
w-CeTx (table IT), which are inhibitors of L type 
and N type VOCC [87]. Ion flux through ROCC is, 
however, sensitive to Ni** [50] or La®* [87]. Some, 
but not all, are sensitive to the imidazole derivative 
SK&F 96365 [80] and SC 38249 [22], indicating that 
different subtypes of ROCC may exist. Most neuro- 
transmitters that activate ROCC produce a biphasic 
Ca?t response when added to their target cells 
[20, 52,110, 122]. The first part of the response 
consists of rapid production of IP3 which releases 
Ca** from the endoplasmic reticulum, followed by 
slower sustained influx of Ca?* from the extracellular 
space. Inhibition of receptor operated Ca** influx 
generally prevents the physiological response, indi- 
cating that Ca*+ influx is an essential part of the 
receptor response and not merely replenishment of 
Ca®* stores, 

There is considerable uncertainty about the 
mode of ROCC activation. Initially, activation by 
an increase in cytoplasmic Cat, IP3 or its 
phosphorylation product inositol 1,3,4,5 tetra- 
kisphosphate was suggested. However, more recent 
data suggest that ROCC may be directly coupled to 
the receptors via G proteins (fig. 4) [17, 78]. 
Unfortunately, it is difficult to study these channels 
electrophysiologically, but ROCC activity may be 
monitored indirectly using cells loaded with the Ca?* 
indicator fura~2. Stimulation of receptors coupled to 
ROCC in such cells in a Ca** free medium uncovers 
Ca?* release from intracellular stores. After addition 
of Ca** to the extracellular medium, Ca?** flows 
through ROCC, thereby increasing fura-2 fluores- 
cence. Using this experimental protocol it has 
recently been shown that clinical concentrations of 
volatile anaesthetics depress the Ca** increase medi- 
ated by ROCC [unpublished observation]. Halo- 
thane and isoflurane inhibited the ROCC-mediated 
Ca?* increase in a dose-dependent manner at clinical 
concentrations (1C,, approximately 2 MAC) [un- 
published observations]. The investigation of the 


TABLE II. Pharmacological properties of receptor operated calcium 
channels 


Binding of a receptor agonist prerequisite for 
activation 

Depolarization not required for activation 

Insensitive to dihydropyridine Ca?* channel 
blockers 

Insensitive to omega-conotoxin 

Sensitive to the imidazole derivative SK&F 96365 
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Plasma membrane 





Fic. 4. Possible pathways for activation of receptor operated 

calcium channels (ROCC). It has been suggested that ROCC are 

activated by an increase in [Ca**], (a), by inositol 1,4,5 tri- 

phosphate (IP3) (b) or its phosphorylation product inositol 1,3,4,5 

tetrakisphosphate (IP4) (c). More recent data suggest a role for G 
proteins in channel activation (d). 


exact inhibitory mechanism was complicated by the 
fact that volatile anaesthetics increased the cyto- 
plasmic Ca** concentration in glioma cells, thereby 
probably exerting a negative feedback on Ca®* influx 
through ROCC. 


RECEPTOR STIMULATED INTRACELLULAR 
CALCIUM RELEASE 


Binding of hormones and neurotransmitters to G 
protein-coupled membrane receptors activates 
phosphoinositide hydrolysis. Breakdown of PIP2 
generates IP3 (which mobilizes Ca’+ from intra- 
cellular stores [11]) and diacylglycerol (DAG), which 
activates protein kinase C by increasing the affinity 
of the enzyme for Ca** and phospholipid [92, 93]. 
The mechanism of intracellular release has been 
investigated in detail, and the IP3 receptor purified, 
cloned and its intracellular distribution established 
in cerebellar Purkinje neurones. Phosphoinositide 
hydrolysis is one major mechanism for trans- 
membrane signal transduction in neural cells, and 
muscarinic acetylcholine receptors, for example, are 
coupled to PIP2 hydrolysis in brain and in several 
neural cell lines (e.g. PC12) [14, 47, 132]. 

Differential effects of volatile anaesthetics on 
muscarinic and nicotinic acetylcholine receptor- 
mediated stimulus—secretion coupling have been 
reported in perfused dog adrenal medulla [120]. As 
mentioned above, nicotinic acetylcholine receptor- 
induced catecholamine release proved very sensitive 
to clinical concentrations of halothane, whereas 
muscarine-induced secretion was significantly more 
resistant. 

Since neither Ca** influx nor intracellular Ca** 
increase could be measured in that study [120], the 
possible involvement of Ca** remained unclear, until 
Kress and co-workers [57, 58] showed almost com- 
plete resistance to volatile anaesthetics of internal 
Ca** increase and consecutive catecholamine se- 
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cretion in response to muscarinic receptor stimu- 
lation in PC12 cells. Unlike bovine medulla cells, 
PC12 cells express both functional muscarinic and 
neuronal nicotinic acetylcholine receptors, and both 
are capable of stimulating secretion of catechol- 
amines [58]. Neither halothane, enflurane nor iso- 
flurane were able to depress significantly the IP3- 
mediated intracellular Ca®+ increase within a clinical 
concentration range (0.5-5% v/v). Muscarinic 
receptor-induced secretion was even enhanced in a 
dose-dependent manner in the presence of anaes- 
thetics [58], perhaps reflecting the parallel increase 
in resting cytoplasmic Ca** concentrations observed 
at larger concentrations of volatile anaesthetics (see 
above) [125]. 

Comparable investigations on [P3-mediated in- 
tracellular Cat release in the clonal rat pituitary cell 
line GH3 confirmed its relative resistance to halo- 
thane [119]. In these cells, the TTRH-induced signal 
cascade is initiated by activation of phospholipase C 
via a G protein-linked process resulting in IP3- 
mediated Ca*+ release from intracellular stores. 
Halothane had little effect on the initial Cat peak 
and the resulting early phase of secretion, consistent 
with the observation that halothane did not alter 
TRH stimulated phosphoinositide hydrolysis in 
these cells [119]. These data clearly indicated that 
the function of receptors and G proteins coupled to 
the receptors, phospholipase C and IP3-induced 
Ca** release were well preserved in the presence of 
clinical concentrations of halothane. 

To date, very few other reports exist on the effect 
of volatile anaesthetics on phospholipid-inositol 
hydrolysis. Halothane did not affect inositol phos- 
phate accumulation in slices of rat brain after 
stimulation with noradrenaline, carbachol, histamine 
or 5-hydroxytryptamine [8]. Halothane and alcohols 
stimulated phospholipase C in hepatocytes leading 
to increased concentrations of IP3 and intracellular 
Ca** [44]. Stimulation of phospholipase C most 
probably occurred via activation of an as yet 
uncharacterized G protein (not G, or G,) in these 
cells. 

In contrast, clinical concentrations of halothane 
inhibited inositol phosphate formation and cyto- 
plasmic Ca% signalling induced by arginine vaso- 
pressin in a cultured vascular smooth muscle cell line 
[116]. In these cells, Ca** release, rather than Ca?* 
influx, was more sensitive to the inhibitory effect of 
halothane. The altered Ca*t homeostasis in the 
presence of the anaesthetic was explained by de- 
pletion of Ca** from intracellular stores, as well as by 
inhibition of inositol phosphate formation. However, 
the effects of halothane were not specific to the G 
protein-linked pathway, but also included responses 
that are thought to be void of G protein involvement. 
Thus either phospholipase C itself, PIP2 as a 
substrate of phospholipase C, or metabolism of 
inositol phosphates may be considered possible 
targets for halothane in vascular smooth muscle. 

Although in mouse myocardium a possible in- 
teraction of halothane with G proteins was shown 
[133], in neural cells there is to date no convincing 
evidence that clinical concentrations of volatile 
anaesthetics interfere directly with G protein- 
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coupled processes involved in intracellular Ca** 
homeostasis [77]. For rat brain membranes it was 
shown that halothane disrupted the interaction of 
serotonin 1A and adenosine Al receptors with G 
proteins [74]. In neural membranes from rat brain 
stem, volatile anaesthetics were reported to abolish 
guanine nucleotide regulation of antagonist, but 
not agonist binding to muscarinic receptors [3, 4]. 
Since agonist binding was largely unaffected, the 
physiological relevance of these phenomena remains 
doubtful. 


CONCLUSIONS 


Focusing particularly on neurones and neuro- 
secretory cells, the effects of volatile anaesthetics on 
transmembrane Ca** signalling were reviewed. Cyto- 
plasmic Ca#+ increases when it is released from 
intracellular stores or when calcium ions flow 
through various types of voltage operated or ligand 
activated channels, and each of these processes may 
be influenced by volatile anaesthetics. 

Intracellular Ca?+ homeostasis is affected even in 
resting cells; volatile anaesthetics such as halothane 
increase the resting cytoplasmic Ca** concentration, 
either by augmentation of the intracellular release or 
by enhanced influx from outside the cell. Depending 
on the Ca** activated effector mechanisms involved, 
this Ca** increase inhibits or activates different 
enzymes or channel proteins. In this respect, very 
little is Known about anaesthetic effects on Ca?t 
ATPase or Nat—Ca?* exchange in neural cells. 

There is good evidence that volatile anaesthetics 
inhibit T type and L type voltage operated Ca?t 
channels, not only in myocytes [15, 29], but also in 
neurosecretory cells and neurones. However, be- 
cause of our limited understanding of the structure 
and function of the different Ca** channel subtypes, 
especially within the CNS, controversial results on 
the interactions between volatile anaesthetics and 
VOCC have been reported with different cell types 
even though the channels were indistinguishable by 
pharmacological and electrophysiological means. In 
the near future, molecular biology will help to solve 
such discrepancies, which may be caused by minor 
differences in the genetically determined molecular 
structure of channel proteins or the presence of 
modulating subunits in various tissues. The different 
halothane sensitivities observed for VOCC in adrenal 
medulla, PC12, GH3 and dorsal root ganglion cells 
suggest selective action of volatile anaesthetics on 
distinct members of a heterogeneous family of 
VOCC. To date, nothing is known about actions of 
volatile anaesthetics on N type or P type VOCC. 
Within the group of ligand activated channels, only 
Ca?t influx linked to the nicotinic receptor was 
shown to be uniformly depressed by the volatile 
substances tested so far, whereas there is some 
uncertainty as to the effects of NMDA receptor 
linked channels or so-called receptor operated 
channels. 

In neural cells, inositol phosphate-mediated in- 
tracellular Ca*+ release appeared to be resistant to 
inhibition by volatile anaesthetics, whereas in cul- 
tured vascular smooth muscle cells it was not. 
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Whether or not this is because of different sensi- 
tivities of G proteins or G protein-coupled processes 
remains unclear. 

In conclusion, volatile anaesthetics have been 
shown to affect distinct voltage operated and ligand 
activated Ca?t channels in neural and non-muscular 
cells, suggesting modulating or inhibitory effects on 
signal transduction and neuronal function on both 
presynaptic and postsynaptic levels. Rapid advances 
in molecular biology will contribute considerably to 
our understanding of structure, function and regu- 
lation of these Ca** channels and help to elucidate 
the molecular basis underlying their interactions 
with volatile anaesthetics. 
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EFFECTS OF GENERAL ANAESTHETICS ON LIGAND-GATED 


ION CHANNELS 


S. DANIELS AND E. B. SMITH 


The site at which anaesthetics act within the central 
nervous system (CNS) has been the subject of 
research for almost 100 years. Most success has been 
obtained in defining the physical nature of the site 
[70]. For example, the well established correlation of 
anaesthetic potency to fat solubility indicates that the 
site of action is hydrophobic. Research using anaes- 
thetics with unusual solubility properties (sulphur 
hexafluoride and carbon tetrafluoride) failed to 
provide support for the alternative hypothesis that 
interaction within the aqueous phase of the CNS was 
responsible for anaesthesia [45,46]. It is now 
generally agreed that interaction at a hydrophobic 
site is involved, but debate continues as to whether 
or not this 1s within the membrane lipids or at a 
hydrophobic region within specific proteins. Evi- 
dence for the latter view has been provided by the 
fact that bacterial and firefly luciferases are sensitive 
to anaesthetics with potency ratios comparable to 
those of mammalian anaesthesia [21, 22, 32, 42, 43]. 
However, there is no evidence for a substance related 
to the luciferases within the mammalian CNS and 
for the protein model of general anaesthesia to be 
advanced such a target site must be identified. 

General anaesthetics may affect signal trans- 
mission by altering action potential propagation or 
synaptic transmission or, indeed, both. At clinically 
relevant concentrations, general anaesthetics appear 
primarily to affect synaptic processes [5, 53, 58-61], 
although impulse conduction in small unmyelinated 
fibres is reduced [4]. There is some evidence that 
anaesthetics may inhibit neurotransmitter release 
also [56], which if it were to occur at an excitatory 
synapse could produce the necessary depression of 
synaptic transmission. 

Anaesthetics also have effects on the postsynaptic 
neurotransmitter receptor/ion channel complex. 
Much of the early work concentrated on the nicotinic 
acetylcholine receptor as a model for ligand-gated 
ion channels in general. However, attention is now 
being devoted to the receptors activated by excitatory 
amino acids, which probably form the majority of 
the fast excitatory synapses in the CNS, and to the 
principal inhibitory receptors, activated by y- 
aminobutyric acid (GABA) and glycine. 


(Br. J. Anaesth. 1993; 71: 59-64) 
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ACETYLCHOLINE-ACTIVATED ION CHANNELS 


The effects of anaesthetics on the acetylcholine 
receptor have been studied extensively 
[13, 18, 23, 24, 44, 48]. The reason for the wide- 
spread use of this receptor is that the electric tissue 
of Torpedo provides a source of receptor-rich 
membranes and, furthermore, the receptor derived 
from this tissue is homologous with that at the 
mammalian neuromuscular junction [2] and with 
that from the human brain [74]. 

The large density of acetylcholine receptors in the 
electric tissue has made it possible to use ion flux 
techniques to investigate the effect of anaesthetics on 
the acetylcholine receptor [44,48]. Rapid kinetic 
studies, in which the flux of a radioactive cation 
(typically °*Rbt) is measured, have been performed 
and the results, in the presence and absence of 
anaesthetics, have been interpreted on the basis of a 
model of the acetylcholine receptor in which there 
are two resting states for the receptor, normal and 
desensitized, and that when two molecules of 
acetylcholine bind there is rapid transition to an 
open channel state. Normally, acetylcholinesterase 
rapidly removes acetylcholine and the channel 
returns to the resting state. However, there is the 
possibility that an anaesthetic molecule could block 
the open channel, preventing return to the resting 
state. It is assumed that the channel must be 
unblocked before it can return to the resting state 
(sequential block model) [48]. All general anaes- 
thetics have been shown to increase the proportion 
of receptors in the desensitized state. Furthermore, it 
appears that this action may be mediated by some 
non-specific membrane perturbation [48]. In ad- 
dition, most general anaesthetics block the ion 
channel also, although it is not clear by what 
mechanism [23]. However, it has been established 
recently that the site at which general anaesthetics 
block the channel is different from that at which local 
anaesthetics bind to block the channel [48]. 

Electrophysiological measurements of single chan- 
nel activity, under conditions of patch-clamp, have 
shown that general anaesthetics cause the channel to 
flicker, that is openings become more frequent, 
briefer and appear to be grouped into bursts 
[18, 24, 50]. If a simple, sequential channel block 
model of anaesthetic action is assumed, in which the 
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anaesthetic may only bind to the open channel and 
the flickering is caused by the open channel being 
repeatedly blocked, it follows that the mean burst 
duration should increase linearly with increasing 
concentration of anaesthetic. Experimental evidence 
indicates that this does not occur, rather the bursts 
get shorter with increasing concentration [18]. To 
account for this it has been proposed that the open 
blocked state can be terminated by the closing of the 
blocked channel. This extension to the simple 
sequential block model of the mode of action does 
predict correctly the concentration-dependent be- 
haviour of the burst duration and the number of 
openings/burst [18, 50]. 

However, even this extended model for the 
interaction of anaesthetics and the nicotinic acetyl- 
choline receptor cannot be complete. For example, 
the frequency of bursts increases in the presence of 
anaesthetics [18]. It is not clear at present if this 
occurs as a result of changes in acetylcholine binding 
or as a result of changes in the rate of induced 
conformational change. Finally, anaesthetics accel- 
erate the fast desensitization process that occurs in 
the presence of high concentrations of acetylcholine 
[18]. This implies that the model will have to 
incorporate modified desensitization rates or, alter- 
natively, additional desensitized states. 


GLUTAMATE-ACTIVATED ION CHANNELS 


Glutamate-activated ion channels are obvious targets 
for general anaesthetics because they are probably 
the principal neurotransmitter receptors that 
mediate synaptic excitation in the vertebrate CNS. 
Glutamate receptors have been categorized, on the 
basis of their preferred agonist, into a group of three 
ionotropic (i.e. gated by the neurotransmitter) recep- 
tors (NMDA (N-methyl-D-aspartate), KA (kainate) 
and AMPA (quisqualate)) and two metabotropic (i.e. 
accessing the metabolic machinery of the cell) G 
protein coupled subtypes (L-AP4 (2-amino-4 
phosphonobutyrate) linked to the hydrolysis of 
cGMP and ACPD (trans-l-amino-cyclopentane- 
1,3-dicarboxylate) linked to inositol phosphorate 
diacylglycerol formation). 

The three ionotropic receptors operate on a fast 
(ms) time scale, whilst the two G protein coupled 
receptors operate on a time scale of hundreds of 
milliseconds to seconds [26]. NMDA receptors show 
a voltage-dependent Ca?* permeability with a rela- 
tively slow rise time and a decay time of several 
hundred milliseconds [20,63]. AMPA receptors 
conduct mainly Nat currents [14]. The distinction 
between AMPA and KA receptors is at present 
unclear. It was made on the basis of discrete high 
affinity binding sites for these two ligands [15]. 
However, high affinity binding sites need not 
necessarily imply a functional receptor/channel 
complex. 

Recent DNA cloning experiments have revealed a 
large number of receptor subtypes [26,73]. At 
present there are approximately 10 ionotropic re- 
ceptor subunits known, although not any subunit 
may assemble with any other to form a functional 
glutamate-activated channel with distinct properties. 
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It appears that there may be four distinct AMPA 
receptors, three KA receptors and one NMDA 
receptor, together with three high affinity KA 
subunits which do not form a functional receptor. 
Further experimental progress is required before the 
complete categorization of this receptor family may 
be achieved. 

In mice, the non-competitive NMDA antagonists 
MK-801 ((+ )-5-methyl-10,11-dihydro-5H-dibenzo- 
(a,d)cyclo-hepten-5,10-imine), phencyclidine and 
ketamine increase the potency of the general anaes- 
thetics ethanol, pentobarbitone, halothane and diethy] 
ether, in parallel with their potency as NMDA 
antagonists [16]. 

Ethanol 30 mmol litre, a concentration which 
produces intoxication in man, induces 50% in- 
hibition in NMDA-induced currents in cultured 
hippocampal neurones but less than 10 % inhibition 
in AMPA- or KA-induced currents [77]. The IC,, 
values for currents elicited by NMDA for a range of 
alcohols (methanol, ethanol, 1-butanol, isopentanol) 
correlated with both the membrane/buffer partition 
coefficient and the ED, for intoxication for these 
alcohols [77]. Similarly, the volatile anaesthetic 
diethyl ether, inhibits currents elicited by NMDA 
but not AMPA or KA [77]. 

In contrast, pentobarbitone and phenobarbitone 
do not affect currents elicited by NMDA. However, 
pentobarbitone inhibits KA and AMPA currents 
elicited in cultured hippocampal cells (ICs approxi- 
mately 50 pmol litre!) [77]. The inhibition was 
antagonized rapidly and not voltage dependent, 
suggesting that the block does not occur deep within 
the channel [77]. Phenobarbitone inhibits similarly 
KA and AMPA currents elicited in cultured hippo- 
campal cells [77]. The current elicited by KA in 
Xenopus oocytes, in which glutamate receptors are 
induced by microinjection with mRNA from rat 
brain, 1s also inhibited by phenobarbitone [17]. The 
inhibition by phenobarbitone of currents elicited in 
oocytes was not sensitive to pressures up to 135 bar 
[17]. 

The steroid anaesthetic alphaxalone had no effect 
on NMDA-, AMPA- or KA-induced currents [77]. 

Experiments using cultured hippocampal cells 
have shown that isoflurane, at concentrations greater 
than 2 mmol litre, induces channel flickering in 
NMDA receptors, with a decrease in channel open 
time that is dependent on the dose of anaesthetic 
[79]. Burst durations also showed a dose-dependent 
decrease with no decrease in apparent single channel 
conductance. These actions of isoflurane are different 
to its actions on the acetylcholine receptor. For the 
acetylcholine receptor channel, small concentrations 
of isoflurane produced a dose-dependent decrease in 
channel open times and the frequency of channel 
openings increased [12]. 

In another study using cultured rat hippocampal 
CA1 neurones, the intermediate chain length n- 
alkanols decreased both the mean channel open time 
and the probability of opening of single NMDA 
channels [41]. There was no significant effect on the 
amplitude of single channel currents or channel 
conductance. No evidence for channel block (flicker- 
ing) was observed. 
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GABA-ACTIVATED ION CHANNELS (see also Goodchild 
[27]) 


GABA receptors are distributed widely throughout 
the CNS and are responsible for both pre- and 
postsynaptic inhibition. GABA receptors have tra- 
ditionally been divided into ionotropic GABA, and 
metabotropic GABA, subtypes. GABA, receptors 
are activated by muscimol, inactivated by bicuculline 
and sensitive to benzodiazepines, whereas GABA, 
receptors are activated by baclofen, inactivated by 
phacolfen and unaffected by benzodiazepines. 
GABA, receptors conduct Cl ions [1, 6, 62] whereas 
the GABA, receptor is coupled to Ca?* channels, K* 
channels and G proteins [9, 19, 34, 51, 78]. 

Recently, the GABA, receptor has been separated 
into a number of subtypes, based on the multiple 
a,B,y subunit sequences of its cloned cDNA 
[49, 57, 66-68]. Attempts to establish similar sub- 
type separation for the GABA, receptor have not 
been successful [8, 76]. 

One of the key features of GABA, receptors is the 
potentiation observed in the presence of barbiturates. 
Inhibitory postsynaptic currents or potentials recor- 
ded from various regions of the brain are potentiated 
(24, 25, 64, 65], as is the GABA activated response 
from cultured neurones [38, 53]. Barbiturates affect 
allosterically the binding of GABA to the receptor 
site, decreasing the kinetics and increasing the 
affinity [52]. Single cell patch-clamp recording from 
cultured mouse spinal cord neurones showed that 
barbiturates increased the average channel open time 
and increased the mean number of openings per 
burst [40]. Both these contributions are important 
for the observed potentiation of the response to 
GABA. 

Steroid anaesthetics similarly potentiate the func- 
tion of GABA, receptors and affect allosterically the 
binding of GABA. However, it has been established 
that the steroid anaesthetics bind to a different 
domain on the protein when compared to barbit- 
urates [52]. Steroid anaesthetics, like barbiturates, 
prolong burst duration, as observed by single 
channel recording under patch-clamp conditions 
[33]. 

The volatile general anaesthetics halothane, enflur- 
ane and isoflurane, at concentrations equivalent to 
2 MAC, have three effects on the response of GABA, 
receptors. They potentiate the sustained response in 
the presence of small concentrations of GABA, 
accelerate the decay phase and suppress the steady 
state current activated by large concentrations of 
GABA [80]. With small concentrations of GABA, 
halothane did not alter the main conductance of a 
single channel but did lengthen the burst duration, 
shorten the interburst interval and prolong the open 
time [80]. To explain these actions it has been 
suggested that the volatile anaesthetics alter the 
gating properties of the receptor complex and 
increase the affinity of GABA for the receptor [80]. 
This is also consistent with potentiation of the peak 
current elicited by large concentrations of GABA 
but not, however, with suppression of the steady 
state current. Whether or not the effect on the steady 
state current is a result of enhancement of desensi- 


tization processes or to differential effects on dif- 
ferent receptor subtypes [80] awaits clarification. 


GLYCINE-ACTIVATED ION CHANNELS 


Glycine is the postsynaptic inhibitory neurotrans- 
mitter in the brain stem and spinal cord. The chloride 
channel activated by glycine has similar conductance 
properties to that activated by GABA [6, 7]. The 
glycine receptor has been isolated from mammalian 
CNS tissue and shown to comprise two integral 
membrane proteins (a and B) and a peripheral 
membrane protein [3, 28, 55]. It has been suggested 
that the channel core is a pentameric arrangement of 
three a and two ĝ subunits [37]. This subunit 
arrangement closely resembles that of the nicotinic 
acetylcholine receptor [75]. As with other ligand- 
gated receptors, recent evidence from DNA sequen- 
cing experiments have indicated considerable het- 
erogeneity in the glycine receptor subunits. To date, 
four variants of the a subunit have been identified 
but no variants of the B subunit have been identified 
[29, 35, 36]. 

In contrast to acetylcholine, glutamate and GABA 
receptors, relatively little work has been performed 
on the effect of anaesthetics on glycine receptors. It 
has been shown, using whole cell patch recording 
from cultured embryonic spinal neurones, that 
glycine-evoked currents were potentiated by pro- 
pofol and chlormethiazole [30,31], but not by 
pentobarbitone [30,31] or alphaxalone [33]. Pre- 
liminary experiments recording whole cell currents 
from voltage clamped oocytes microinjected with 
mRNA derived from rat spinal cord have indicated 
that the strychnine-sensitive glycine-evoked current 
is inhibited by pentobarbitone [unpublished observa- 
tions]. 


CONCLUSIONS 


It 1s becoming increasingly apparent that the nic- 
otinic acetylcholine, glutamate, GABA, and glycine 
receptors are members of a ligand-gated receptor 
super family that evolved from a common ancestor 
(35, 66]. The transmembrane segments in particular 
appear to show significant amino acid sequence 
homology and topology, of four hydrophobic « 
helices. However, it is also clear that anaesthetics 
affect members of this receptor super family in 
different ways and that to use the nicotinic acetyl- 
choline receptor as a model for which the interaction 
of anaesthetics with ligand-gated receptors in general 
can be elucidated is quite wrong. 

Anaesthetics appear to act at the nicotinic acetyl- 
choline receptor to block the channel, whereas not all 
anaesthetics block glutamate channels and the action 
at the GABA, receptor appears to be an allosteric 
potentiation of GABA binding and, for some 
anaesthetics, an effect on the gating properties. 

That large pressures (of the order of 10 MPa) will 
antagonize general anaesthesia [38] led to a theory of 
general anaesthesia that assumed that anaesthetics 
and pressure acted at a common site and via a 
common mechanism [47]. More recently it was 
observed that species that do not use glycine as a 
neurotransmitter do not exhibit pressure reversal of 
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anaesthesia [72] and that pressure, far from acting in 
a non-specific manner, appears to act in a highly 
selective way [10,11,71]. At the level of the 
neurotransmitter receptor—ion channel complex, it 
has been shown that the kainate channel is unaffected 
by pressure but that the glycine channel is highly 
pressure sensitive [16, 69]. However, this does not 
allow postulation that pressure and anaesthetics act 
via the same mechanism and the observed interaction 
could arise through a balance between inhibition and 
excitation in the CNS. 

Given that the mechanisms that induce anaesthesia 
are not understood, it is difficult to establish if the 
effects observed in im vitro systems are related to 
general anaesthesia in animals. One important re- 
quirement is that a wide range of molecular struc- 
tures should produce similar effects with potency 
ratios comparable to those observed in vivo. For 
glutamate, GABA, and glycine receptors, such 
behaviour is not observed. 

The simple anaesthetics (alcohols and volatile 
agents) affect NMDA receptors, whereas barbit- 
urates affect AMPA and KA receptors and steroid 
anaesthetics do not appear to have any effect on 
glutamate receptors. Barbiturates have a discrete 
binding site at GABA, receptors and affect alloster- 
ically GABA binding. Steroid anaesthetics appear to 
act similarly but utilize a different binding site. 
Volatile anaesthetics not only affect GABA binding 
but also gating properties. At the glycine receptor, 
some anaesthetics appear to potentiate glycine bind- 
ing whilst others are either ineffective or even act to 
inhibit, either by channel blocking or by enhancing 
desensitization. Furthermore, it is possible that when 
it becomes feasible to experiment with specific 
receptor subtypes, differences in the action of 
anaesthetic on the different subtypes may be 
observed. 

It appears that anaesthetics act differently on 
ligand-gated ion channels and that therefore the 
interaction between general anaesthetics and the 
ligand-gated ion channels studied so far cannot 
provide a basis for a general mechanism of anaes- 
thesia. However, if we assume that different 
anaesthetics, or classes of anaesthetics, act via 
different mechanisms, the difficulty arises of identi- 
fying which of the different effects are responsible 
for general anaesthesia. Thus barbiturates block 
nicotinic acetylcholine channels, potentiate GABA 
binding, block KA and AMPA receptors and inhibit 
glycine receptors. All of these effects, apart from the 
effect on the glycine receptor, could be responsible 
for the induced loss of consciousness. 
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SELECTIVE ACTIONS OF VOLATILE GENERAL ANAESTHETICS 
AT MOLECULAR AND CELLULAR LEVELS 


N. P. FRANKS AND W. R. LIEB 


General anaesthetic agents are non-specific in the 
sense that they have diverse shapes and sizes, and 
possess a variety of chemical groups. This structural 
and chemical non-specificity is often taken to imply 
an underlying non-selectivity in the action of these 
agents upon their targets, especially the primary 
molecular targets involved in the induction of general 
anaesthesia. However, recent work at the cellular and 
molecular levels has shown that, at clinical concen- 
trations, these drugs can be surprisingly selective in 
their actions, substantially affecting some neurones 
but not others and some ion channels but not others. 
In addition, even when acting on a sensitive target, 
different general anaesthetics (including optical 
isomers of the same agent) can be unexpectedly 
selective in their actions. 

This review focusses on volatile general anaes- 
thetics, which (together with anaesthetic gases) are 
considered generally to be the least selective of all 
agents. In particular, we will consider the effects of 
the most popular currently used agents (halothane, 
isoflurane and enflurane), as well as anaesthetics such 
as diethyl ether, methoxyflurane and chloroform, 
which had widespread clinical use in the past. In 
addition, we shall emphasize effects at the molecular 
and cellular levels, where relatively unambiguous 
conclusions may be drawn from experimental data. 
At the cellular level, we shall, where possible, 
consider experiments on isolated cells, rather than 
cells in a network (e.g. brain slices). (Although the 
latter type of studies are important, they are difficult 
to interpret at the present time, since anaesthetic 
effects on a given cell cannot usually be dissociated 
from those on the surrounding network. Indeed, 
Krnjevic [32] has recently reviewed anaesthetic 
studies on hippocampal and neocortical neurones in 
isolated slices and noted the conflicting nature of the 
experimental results and the conclusions drawn.) At 
the molecular level, we shall contrast the anaesthetic 
sensitivities of various membrane proteins (with 
emphasis on ion channels) and consider briefly the 
question of whether or not anaesthetic effects on 
these proteins are mediated by effects on surround- 
ing lipids. 


(Br. J. Anaesth. 1993; 71: 65-76) 
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ANAESTHETIC CONCENTRATIONS AND THE PROBLEM 
OF TEMPERATURE 


First, it is necessary to consider what aqueous 
concentrations or gaseous partial pressures of volatile 
anaesthetics are relevant to clinical anaesthesia. This 
is because large concentrations of these agents, which 
are in fact solvents in their pure form, will affect 
almost any target (for example, membrane lipids 
dissolve in liquid halothane). What is important is 
the effects observed at or near clinical concentrations, 
not those observed at toxic or lethal concentrations. 
Since therapeutic indices for volatile agents [61, 62] 
are generally in the range 2 to 4, one should be 
suspicious of effects which are observed at concen- 
trations greater than twice the EC,, value for general 
anaesthesia. EC,, values for a variety of volatile 
agents and animals are shown in table I. 


Dose-response relationships 


Anaesthetic EC,, values or minimum alveolar 
concentration (MAC) for humans and other com- 
monly studied mammals are conventionally ex- 
pressed as partial pressures. The dose-response 
curves are very steep: almost 90% of patients or 
animals are anaesthetized in the EC,, range 0.8-1.2., 
This is often assumed to reflect similarly steep 
responses to anaesthetic doses at the molecular level; 
this need not be the case, however, since whole 
animal responses are quantal in nature and the steep 
dose-response curves may be a result of nothing 
more than phenotypic similarity in the population of 
animals being studied. In fact, it is rare that steep 
dose-response curves are observed with isolated 
neuronal preparations. 


Conversion between partial pressures and aqueous 
concentrations 

When working with isolated preparations, it is 
often more convenient to apply known aqueous 
concentrations rather than gaseous partial pressures 
of volatile general anaesthetics. In addition, EC,, 
concentrations for general anaesthesia vary less with 


‘temperature when expressed as aqueous concen- 


trations rather than as gaseous partial pressures. 
However, while the appropriate partial pressures 
of volatile general anaesthetics are well known, 


N. P. FRANKS, PH.D., W. R. LIEB, PH.D., Biophysics Section, The 
Blackett Laboratory, Imperial College of Science, Technology 
and Medicine, Prince Consort Road, London SW7 2BZ. 


66 


TABLE I. EC, concentrations for general anaesthesia expressed as 

partial pressures and as aqueous concentrations. Primary literature 

values are given directly. Parenthetical values were calculated using 

equations (1) or (2) (see text) with the primary values of water/gas 
partition coefficients at 37 °C in table IT 


Aqueous 

Partial concen- 

pressure tration 

(% atm (mmol 

Agent Animal = vol %) litre7*) Ref. 
Halothane Human 0.75 (0.21) [53] 
Rat 1.03 (0.29) [38] 
Mouse 0.95 (0.27) [38] 
Dog 0.87 (0.24) [46] 
Tadpole m~ 0.23 [29] 
Isofiurane Human 1.3 (0.31) [53] 
Rat 1.46 (0.35) [38] 
Mouse 1.34 (0.32) [38] 
Dog 1.28 (0.31) [46] 
Tadpole — 0.29 [14] 
Enflurane Human 1.7 (0.52) [53] 
Rat 2.21 (0.68) [38] 
Mouse 1.95 (0.60) [38] 
Dog 2.2 (0.67) [11] 
Methoxy- Human 0.16 (0.27) [53] 
flurane Mouse 0.22 (0.37) [39] 
Dog 0.23 (0.39) [11] 
Tadpole — 0.21 [29] 
Chloroform Human 0.5 (0.79) [53] 
Mouse 0.84 (1.3) [39] 
Dog 0.77 (1.2) [11] 
Tadpole ve=s 1.3 [7] 
Diethyl Human 1.9 (9.5) [53] 
ether Mouse 3.0 (15) [39] 
Dog 3.0 . (15) [11] 
Tadpole = 25 [14] 


the corresponding aqueous concentrations are less 
familiar. To interconvert between the two, it is 
common to use either Bunsen («) or Ostwald (A) 
water/gas partition coefficients. If C,, (mmol litre) 
is the aqueous concentration, expressed as millimoles 
of anaesthetic per litre of water, in equilibrium with 
a gaseous partial pressure P(% atm), expressed as 
percentage of an atmosphere or volume percent, then 
the following equations apply: 


C,,(mmol litre™*) = 0.446140P(% atm) (1) 


121.86AP(% atm) 


C,,(mmol litre) = Q73.154T) 


(2) 


BRITISH JOURNAL OF ANAESTHESIA 


where a and À are the Bunsen and Ostwald water/gas 
partition coefficients, respectively, and 7, is the 
temperature expressed in degrees centigrade. Either 
equation may be used, since both give the same 
answer. Values of Bunsen and Ostwald coefficients 
for a selection of volatile agents are listed in table IT 
for different temperatures. Note that the aqueous 
concentrations calculated using these tabulated 
partition coefficients are the concentrations in 
equilibrium with pure water; concentrations in 
experimental physiological buffers are generally 10 
to 15% smaller [50]. 


The problem of experimental temperature 


Ideally, anaesthetic experiments on isolated 
tissues, neurones and membranes should be per- 
formed at the normal body temperature of the animal 
concerned, in which case the MAC, aqueous EC,, 
concentration, or both, for general anaesthesia are 
either known or may be determined. However, for 
various reasons (usually of experimental con- 
venience), anaesthetic experiments on mammalian 
preparations are performed frequently at tempera- 
tures considerably less than body temperatures, 
often at room temperature, and it is necessary to have 
some idea as to what concentrations are relevant to 
general anaesthesia. For example, in an experiment 
in which mammalian neurones are being studied at 
room temperature (20 °C), the relevant partial press- 
ure of anaesthetic which should be used is then not 
the MAC for the animal at its body temperature 
(37 °C); a better approximation would appear to be 
the (perhaps hypothetical) MAC at 20°C. In the 
case of halothane and dogs, Eger and colleagues 
[12, 48, 51] have determined MAC as a function of 
temperature between 28 and 43°C. We analysed 
their data [15] and found they could be reasonably fit 
by a linear van’t Hoff plot of In(MAC) ws reciprocal 
absolute temperature, with a regression slope cor- 
responding to an apparent enthalpy of binding of 
AH = —52 kJ molt. We can express this result as 
a simple exponential equation: 

MAC) —20.2(37 — T,) 
MACG7°G) P | 273.15+T. | A 


where MAC(T,) and MAC(37 °C) are the minimum 
alveolar concentrations (partial pressures) at 


TABLE II. Bunsen (a) and Ostwald (A) water/gas partition coefficients. Primary literature values are given directly, with 


derived values in parentheses 
Bunsen Ostwald 
Agent Formula °C a À Reference 
Halothane CF,CHCIBr 20 1.60 (1.72) [50] 
25 1.20 (1.31) [50] 
30 0.92 (1.02) [50] 
37 0.63 (0.72) [50] 
Isoflurane CHF,OCHCICF, 25 1.08 (1.18) [50} 
37 0.54 (0.61) [50] 
Enfiurane CHF,OCF,CHCIF 37 (0.69) 0.78 [1] 
Methoxyflurane CH,OCF,CHCL, 20 8.08 (8.67) [50] 
30 5.48 (6.08) [50] 
37 3.80 (4.31) [50] 
Chloroform CHC, 37 (3.52) 4.0 [1] 
Diethyi ether C,H,OC,H,; 22 (27.8) 30.0 [48] 
30 (17.8) 19.7 [48] 


37 (11.2) 12.7 [48] 


a 
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Fic. 1. EC, concentrations for general anaesthesia are much less 
affected by temperature when expressed as aqueous concen- 
trations than when expressed as partial pressures. The factor by 
which the halothane (Hal.) EC,, concentration for canine general 
anaesthesia is reduced with decreasing temperature is plotted for 
both partial pressures (MAC, ——) and for concentrations in 
water (——-) (the lines were drawn according to equations (3) and 
(4), respectively). 


temperatures 7, Gn °C) and 37°C, respectively. 
Thus extrapolating to 20 °C, it follows that the MAC 
of halothane would be only 31 % of the MAC at body 
temperature. It is clear that one could be seriously 
misled by using the body temperature MAC while 
working with an experimental preparation at 20 °C. 

On the other hand, one can convert the halothane 
MAC values to aqueous EC,, concentrations (using 


data from reference [50]) to arrive at an analogous 


equation relating the aqueous EC,, at temperature 7, 
to that at 37 °C: 


BGg(7,): ae 2] 
EC,(37 °C) 273.15 + T, 


From this it follows that the aqueous EC,, con- 
centration relevant at room temperature (20 °C) is 
79% that at body temperature. 

Thus the reduction in MAC partial pressures with 
decreasing temperature is much more severe than 
that for aqueous EC,, concentrations (see fig. 1). For 
example, using (see table ID) MAC = 0.87 % atm for 
halothane for dogs at 37 °C, the predicted MAC at 
20 °C is only 0.27% atm, while the corresponding 
aqueous EC; concentrations are 0.24 mmol litre"! at 
37 °C and 0.19 mmol litre? at 20 °C. 

It is clear from the above example that when 
working with isolated mammalian neuronal prepara- 
tions at temperatures less than body temperature, 
where the MAC or aqueous EC,, for general 
anaesthesia at the experimental temperature is not 
known, a simple and good pragmatic procedure 
would be to use anaesthetic concentrations cor- 
responding to aqueous EC,, concentrations for 
general anaesthesia, determined at body tempera- 
ture. On the other hand, the alternative but all too 
common procedure of working with mammalian 
preparations at room temperature and using MAC 


(4) 


partial pressures determined at body temperature 
may lead to serious error. These considerations 
reflect the fact that the major component of the 
decrease in MAC with decreasing temperature, 
which is observed for all common volatile agents, is 
the very large increase in the water/gas partition 
coefficient. For example, as may be calculated using 
equation (1) and table II, a 1% atm partial pressure 
of halothane in equilibrium with water produces an 
aqueous concentration of only 280 umol litre’ at 
37 °C but of 710 pmol litre at 20 °C. 


VOLTAGE-GATED ION CHANNELS 


One might infer from reading the literature that 
almost all systems which have been studied are 
affected by general anaesthetics, and that the 
mechanisms underlying general anaesthesia and its 
side effects are therefore likely to be hopelessly 
complex. This view is largely because of the fact that 
indeed most processes are affected if large enough 
concentrations of anaesthetics are used. However, if 
attention is paid to the concentrations and temper- 
atures used, one finds that many systems are in fact 
relatively insensitive to clinical concentrations of 
these agents. This is especially true for voltage-gated 
ion channels. 

For example, the effects of volatile anaesthetics 
have been studied on identified, spontaneously firing, 
“pacemaker ” neurones from the pond snail Lymnaea 
stagnalis [19, 20]. Surprisingly, it was found that the 
firing activity of some neurones was unaffected at 
room temperature (23 °C) by 0.8% atm halothane, 
which is approximately the EC,, partial pressure 
for halothane “‘general anaesthesia” in this animal 
(EC,, = 0.83% atm, measured [22] at 20°C using 
inhibition of a withdrawal reflex). Since firing activity 
in these neurones involves the concerted operation of 
a number (at least five) of different voltage-gated 
channels, this finding suggests that many channels 
are insensitive to anaesthetics. This is illustrated by 
the results given in figure 2. Figure 2A shows that the 
size and shape of spontaneous action potentials 
(dependent on the activity of voltage-gated sodium, 
potassium and calcium channels) in insensitive 
neurones can be relatively unaffected by 0.80% atm 
halothane, while figure 2B shows that the fast 
transient potassium current (“J,°’), isolated using a 
voltage-clamp protocol, is only marginally (< 10%) 
inhibited by the same concentration of halothane. 


Voltage-gated sodium and potasstum channels 


It has long been known [33] that clinical concen- 
trations of volatile anaesthetics have little effect on 
axonal conduction (but see Raymond, Shin and 
Steffensen [47]), which is mediated by voltage-gated 
sodium and potassium channels. Haydon and Urban 
studied the effects of volatile agents on currents 
mediated by these channels in the squid axon at 6 °C 
and confirmed that they are remarkably insensitive 
to clinical concentrations of anaesthetics [24]. 
Although dose-response curves were not obtained, 
the concentrations which inhibited the peak current 
through the sodium channel by 50% were found 
to be halothane 2.0 mmol litre, methoxyflurane 
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Fic. 2. Many voltage-gated channels are very insensitive to levels 
of volatile general anaesthetics which produce general anaesthesia. 
A: Spontaneous action potentials in an insensitive molluscan 
neurone in the absence (control (C)) and presence of 0.8% 
halothane (Hal.). B: Fast transient potassium currents (“J,”’) in 
another molluscan neurone, also in the absence (C) and presence 
of 0.8% Hal. This current was evoked by changing the 
voltage-clamp potential from —100 mV to —40 mV ar the times 
indicated by the capacitive current spikes (Rec. = recovery). 
(From [20], with permission.) 


1.5 mmol litre™!, chloroform 3.0 mmol litre and di- 
ethyl ether 75 mmol litre!. The “‘delayed rectifier” 
potassium current was found to be even less 
sensitive, being inhibited by 50% by halothane 
6.4 mmol litre, methoxyflurane 2.1 mmol litre, 
chloroform 11.2 mmol litre? and diethyl ether 
150 mmol litre7?. For comparison, the aqueous EC,;, 
concentrations [8] for general anaesthesia at 5 °C in 
another cold-blooded aquatic animal (the goldfish) 
are halothane 0.24 mmol litre!, methoxyflurane 
0.15 mmol litre, chloroform 0.81 mmol litre7! and 
diethyl ether 35 mmol litre'. Thus only the rela- 
tively polar agent diethyl ether had a reasonable 
potency (only a factor of two different) for inhibiting 
one of the currents (the sodium current) compared to 
its potency for producing general anaesthesia. More 
recently, it has been found [25] that voltage-gated 
sodium and potassium channels in clonal GH3 
pituitary cells at room temperature are also very 
insensitive to halothane. 


Voltage-gated calcium channels 


Because of their importance in presynaptic release 
of neurotransmitters, secretion and cardiac function, 
numerous workers have investigated inhibition of 
voltage-gated calcium currents by volatile agents. 
At present there are known to be at least three major 
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Fic. 3. Calcium uptake into bovine adrenal chromaffin cells is 
inhibited by halothane (Hal.) much more in response to activation 
of nicotinic acetylcholine receptor-channels than in response to 
depolarization by large concentrations of potassium. Dose— 
response curves are given for basal calcium uptake (()) and for 
calcium uptake in the presence of either 500 pmol litre? of 
carbachol (O) or 77 mmol litre! of potassium (@). The tem- 
perature was 37 °C. (From [43], with permission.) 


types of calcium channel, often designated L, N and 
T. The channels differ in activation and inactivation 
voltage ranges, single-channel conductances, sus- 
ceptibilities to block by cadmium and toxins, and 
sensitivities to dihydropyridine inhibitors [40]. Most 
anaesthetic studies have been performed on currents 
mediated by the relatively accessible dihydro- 
pyridine sensitive L channels, while almost no 
studies have been carried out on the less accessible 
(but arguably more important for the induction of 
general anaesthesia) N type channels which are 
thought to be intimately associated with neuro- 
transmitter release sites. 

Some calcium channels are extremely insensitive 
to inhibition by volatile agents. For example, calcium 
entry into bovine adrenal chromaffin cells, measured 
by the uptake of radioactive calcium in response to 
potassium-induced depolarization, is extremely re- 
sistant. Yashima, Wada and Izumi [63] found no 
significant effect of 2% halothane at 37 °C, while 
Pocock and Richards [43], also working at 37 °C, 
found only 50% inhibition at approximately 
2 mmol litre: of halothane (see the upper dose- 
response curve in fig. 3). In this latter study, 
using secretion of catecholamines from these chro- 
maffin cells as a measure of calcium entry, the 
following (very large) IC,;, concentrations were 
obtained: halothane > 2.0 mmol litre’, isoflurane 
2.2 mmol litre?, enflurane 3.2 mmol litre"? and 
methoxyflurane 1.2 mmol litre. These results 
probably reflect anaesthetic action, predominantly 
on L type channels [44]. Also, Terrar and Victory 
[57, 58] used a voltage-clamp protocol to measure 
(probably L type) currents in myocytes from guinea- 
pig ventricle at 37 °C and found that IC,, concen- 
trations were > 1.57 mmol litre for halothane and 
> 1.78 mmol litre for isoflurane. 

Other investigators have found calcium channels 
to be more sensitive to anaesthetic inhibition. Kress 
and colleagues [30,31], working with the phaeo- 
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Fig. 4. The increase in peak, free intracellular Ca** ([Ca?*],) and 
the secretion of catecholamines (CA) in response to depolarization 
by large concentrations of potassium are moderately (and almost 
equally) sensitive to inhibition by the volatile anaesthetics 
halothane (Hal.) and isoflurane (Iso.) for rat phaeochromocytoma 
PC12 cells. Dose-response curves are given for the increase in 
[Catt], (a,c) and for the secretion of dopamine (O) and 
noradrenaline (W) (8, D). The temperature was 32 °C. (From [30], 
with permission.) 


chromocytoma cell line PC12 at 32 °C and measuring 
increases in intracellular free calcium, found that 
nifedipine sensitive (L type) channels appeared to 
be blocked by relatively modest concentrations 
of volatile agents (fig. 4A, cC). IC;, concentrations 
were halothane 0.75 mmollitre+, isoflurane 
0.57 mmol litre“, enflurane 0.73 mmol litre! and 
methoxyflurane 0.58 mmollitre?. Similar IC;, 
concentrations were found for inhibition of catechol- 
amine release (fig. 4B, D) from these cells. Eskinder 
and co-workers [13], using voltage-clamp techniques 
with canine cardiac Purkinje cells at 22 °C, found 
that IC,, concentrations for both L and T type 
currents were approximately 0.7—0.8 mmol litre! for 
halothane, 1.0~-1.1 mmol litre! for isoflurane and 
1.2 mmol litre~! for enflurane. Similar IC, concen- 
trations were found by Bosnjak, Supan and Rusch 
[6] for predominantly L type currents in canine 
cardiac ventricular cells at 22 °C. Finally, Herrington 
and colleagues [25], using voltage-clamp protocols 
with clonal GH3 pituitary cells at room temperature, 
found that IC,, = 0.85 mmol litre! for halothane for 
peak high-voltage activated currents (similar to L 
type currents) and IC,,=1.3mmollitre? for 
halothane for peak low-voltage activated currents 
(similar to T type currents). The above IC,, 
concentrations for halothane may be compared to the 
predicted ECs, of approximately 0.20 mmol litre 
for halothane, for causing canine general anaesthesia 
at room temperature. Thus even the most sensitive 
calcium currents measured to date are inhibited by 
halothane only at IC,, concentrations which are 
three to four times the predicted EC,, concentration 
for general anaesthesia. Nonetheless, these ‘“‘sen- 
sitive” calcium currents appear to be the most 
sensitive of those voltage-gated ion channels which 
have been investigated so far. 


LIGAND-GATED ION CHANNELS 


In contrast to voltage-gated channels, which gen- 
erally appear to be insensitive to clinical concen- 
trations of volatile general anaesthetics, some ligand- 
gated channels are very sensitive. This is perhaps not 
surprising, in view of the fact that many of these 
ligand-gated channels are concentrated at synapses, 
which are generally considered to be the most 
anaesthetic-sensitive links in the transmission of 
nerve impulses. 


Nicotinic acetylcholine receptor—channels 


‘These are the most widely studied of all ligand- 
gated ion channels, and it has recently become 
apparent that they can be very sensitive to inhibition 
by volatile general anaesthetics. However, for some 
time this fact was obscured because it was thought 
[14, 64] that general anaesthetics acted by desensi- 
tizing these channels, and this required large an- 
aesthetic concentrations. For example, figure 5 shows 
the dose-response curve for halothane increasing the 
binding of radiolabelled acetylcholine (a measure of 
desensitization) to receptor-rich membranes from 
electroplaques of Torpedo californica at room tem- 
perature. It is clear from the data that significant 
effects occurred only when the halothane concen- 
tration approached 1 mmol litre, about four times 
the EC,, concentration for general anaesthesia in 
tadpoles (see table I). . 

The studies of Yashima, Wada and Izumi [63] and 
Pocock and Richards [43] on bovine adrenal 
chromaffin cells have already been discussed in con- 
nection with voltage-gated calcium channels. While 
little sensitivity to halothane was found for radio- 
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Fic. 5. The increase in binding of ["HJacetylcholine to nicotinic 
acetylcholine receptor-rich membranes from the electric tissue of 
Torpedo cahfornica (a measure of receptor “desensitization’’) 
requires large concentrations of halothane (Hal.). The ratio of 
bound to free acetylcholine (ACh) is plotted as a function of the 
aqueous concentration of halothane at room temperature. The 
dashed line represents the approximate bound: free ratio for ACh 
in the absence of anaesthetic. Note the fall-off of this ratio at 
extremely large concentrations of anaesthetic. (Data taken from 


fig. 1 of [14].) 
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Fic. 6. The (+)-isomer of isoflurane (Iso.) is more effective than 
the (—}-isomer at inhibiting an inward current activated by 
acetylcholine (ACh) acting at a nicotinic receptor in a completely 
isolated identified neurone from the pond snail Lymnaea stagnalis. 
A: The inward currents caused by repeated applications (open 
bars) of ACh 200 nmol litre™! in the absence and presence of the 
anaesthetic isomers are shown, together with the background 
current in the presence of the racemic mixture alone (solid bar). 
The neurone was voltage-clamped at —70 mV. B: Dose—response 
relationship for inhibition by racemic isoflurane. The ratio of 
control to inhibited current (I/D (@) and the square root (W) of 
this ratio are plotted against the aqueous concentration of racemic 
isoflurane. The curves are the theoretical predictions of a simple 
binding model in which two molecules of anaesthetic may bind 
independently to the receptor but the presence of only one 
molecule is sufficient to block it. c: Dose-response relationship for 
each of the two optical isomers. The square root of control to 
inhibited current is plotted against the aqueous concentration of 
(+ isoflurane (O) and (—)-isoflurane (@). According to the 
binding model, the reciprocals of the slopes of these lines are the 
anaesthetic/receptor dissociation constants. The temperature was 
20 °C. (Modified from fig. 2 of [21].) 
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active calcium uptake in response to depolarization, 
greater sensitivity was found in response to the 
acetylcholine agonist carbachol. This is shown in 
figure 3 (taken from the latter study [43]), where the 
IC,, for the agonist-induced uptake (middle curve) is 
approximately 0.3 mmol litre? at 37°C. (This is 
almost the same value found in the earlier study 
[63]). A possible interpretation of these results is that 
small concentrations of halothane inhibit the car- 
bachol activation of the nicotinic receptor—channel 
and thus the resulting depolarization, leading to 
reduced calcium entry, not only through the nicotinic 
receptor channel itself, but also through the less 
sensitive voltage-gated calcium channels. Going one 
step further and using catecholamine secretion as a 
measure of receptor inhibition, Pocock and Richards 
[43] found the following IC, concentrations at 
37°C: halothane 0.30 mmol litre, isoflurane 
0.45 mmol litre, enflurane 0.40 mmol litre"? and 
methoxyflurane 0.25 mmol litre?. These concen- 
trations are very similar to EC;, concentrations for 
general anaesthesia (see table I) and suggest that the 
nicotinic receptor—channel in these cells is very 
sensitive to volatile general anaesthetics. 

More direct measurements of the effects of 
anaesthetics on neuronal nicotinic acetylcholine 
receptor—channels require the use of electrophysio- 
logical voltage-clamp procedures on neurones. We 
[21] studied the effects of isoflurane and its two 
optical isomers on an acetylcholine-induced nicotinic 
chloride current in isolated identified neurones from 
Lymnaea stagnalis, at room temperature. This cur- 
rent is similar to one in Aplysta neurones which had 
previously been shown to be very sensitive to 
enflurane [3]. The results are shown in figure 6. 
Remarkably, the two optical isomers inhibited the 
current to different extents (fig. 6A), consistent with 
a direct effect on the receptor—channel rather than on 
the surrounding lipids (see below). The inhibition 
was consistent with the predictions of a simple model 
in which two molecules of isoflurane can inde- 
pendently bind to the receptor—channel but the 
presence of only one molecule is necessary to inhibit 
it (fig. 6B, Cc). The inhibition (dissociation) constants 
K, were found to be 0.51 % atm for the (+ )-isomer 
and 0.76% atm for the (— )-isomer, consistent with 
the value of 0.60% atm for the racemic mixture of 
both isomers. Because of the square dependency of 
the inhibition, it is easy to show that IC,, = 0.414 K, 
= 0.25 % atm (~ 0.12 mmol litre) of racemic iso- 
flurane, similar to the value of about 0.2% atm 
enflurane previously found [3] for inhibiting the 
analogous current from Aplysa. For comparison, 
EC,, partial pressures for inhibiting a withdrawal 
reflex in Lymnaea stagnalis at room temperature are 
1.09% atm for isoflurane and 1.01% atm for 
enflurane [22]. Thus these molluscan nicotinic 
acetylcholine receptor—channels appear to be about 
four to five times more sensitive to anaesthetic 
inhibition than is the behavioural response of the 
whole animal. 


GABA, receptor—channels 
GABA (y-amino-n-butyric acid) is the major 
inhibitory neurotransmitter in the mammalian brain. 
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Fic. 7. Small concentrations of halothane (Hal.) activate an 

outward potassium current in a sensitive identified neurone from 

the pond snail Lymnaea stagnalis. This current (Ikiam) was 

measured 15 s after changing the membrane potential from — 80 

to OmV. The temperature was 23 °C, (Modified from fig. 3 of 
[19].) 


Although it acts on both GABA, and GABA, 
receptors, most anaesthetic studies have been carried 
out on the “‘classical” GABA, receptor—channel. 
Physiologically, binding of GABA molecules to the 
GABA, receptor—channel forms a pathway for the 
movement of chloride ions, generally producing 
neuronal hyperpolarization. It has long been known 
that these GABA-induced chloride currents are 
enhanced by benzodiazepine tranquillizers, bar- 
biturates and steroid anaesthetics, but the effects of 
volatile agents are only now being clarified. 

Nakahiro and colleagues [42] used the whole cell 
patch-clamp technique to study GABA activated 
currents in rat dorsal root ganglion neurones in 
primary culture at room temperature (22 °C). They 
found that GABA at small concentrations produced 
a small sustained inward current that was enhanced 
about three-fold by 0.86 mmol litre! of halothane, 
0.96 mmol litre of isoflurane and 1.89 mmol litre! 
of enflurane. GABA at large concentrations pro- 
duced a much larger inward current which rapidly 
desensitized to a sustained concentration; the peak 
current was increased only about 40 % by the above 
concentrations of anaesthetics, while the steady state 
current was actually inhibited. 

Lin and co-workers [34] expressed mouse cerebral 
cortex messenger RNA in Xenopus oocytes and 
studied GABA-induced chloride currents using the 
two electrode voltage-clamp technique at 25 °C. At 
small GABA concentrations, where desensitization 
was not present, the GABA-induced currents were 
potentiated by small concentrations of volatile anaes- 
thetics; this potentiation was diminished at greater 
anaesthetic concentrations. The EC,, concentration 
for halothane was approximately 0.67 mmol litre", 
with maximum enhancement occurring at approxi- 
mately 1.2mmollitre?. Conversely, at large, 
desensitizing concentrations of GABA, halothane, 
isoflurane and diethyl ether had no significant effect 
on peak current, while enflurane actually decreased 
it. Jones, Brooks and Harrison [27] studied cultured 
hippocampal neurones at 25 °C using the whole cell 
patch-clamp technique. Small concentration pulses 


of GABA produced an inward current which 
was enhanced by volatile agents, with significant 
effects at 1 MAC concentrations. Dose-response 
curves did not appear to saturate up to halothane 
2 mmol litre ', isoflurane 10 mmol litre! or en- 
flurane 3 mmol litre™. 

Thus the potentiation of GABA-induced chloride 
currents by volatile anaesthetics, at least at small 
concentrations of GABA, would appear to be 
established, although it is difficult to assess its 
physiological relevance. For example, anaesthetic 
EC,, concentrations are considerably greater than 
those for general anaesthesia, but substantial potenti- 
ation does nonetheless occur at relatively small 
concentrations. In addition, the fact that GABA, 
responses at large GABA concentrations are much 
less enhanced or even inhibited by volatile anaes- 
thetics, leaves open the crucial question of how much 
potentiation would occur at an active synapse. 


Anaesthetic-activated potasstum channel 


We have recently discovered [19, 20] an anaes- 
thetic-activated potassium current in an identified 
“pacemaker” neurone in the right parietal ganglion 
of Lymnaea stagnalis. This current, which we call 
Ikan, WAS studied under two electrode voltage— 
clamp at room temperature. J;,,,, may be activated 
by synaptic transmission in the intact ganglion or by 
volatile general anaesthetics, in both the intact 
ganglion and the completely isolated neurone. The 
effect of activating Ikan in the spontaneously firing 
neurone is to silence the cell, by hyperpolarizing it to 
approximately 25 mV less than the threshold for 
action potential initiation. 

Igan has been found to be activated by small 
concentrations of halothane, isoflurane, chloroform, 
and diethyl ether. The dose-response curve for 
halothane is shown in figure 7, where it can be seen 
that the EC; = 0.32 mmol litre? for halothane at 
23 °C, which is substantially less than the EC,, = 
0.59 mmol litre! (0.83 % atm) for halothane at 20 °C 
for “general anaesthesia” in this mollusc [22]. The 
current-voltage relationship may be described by 
the Goldman—Hodgkin—Katz constant field equa- 
tion, suggesting that the channel is not voltage- 
gated. Indeed, voltage jump experiments showed 
that Ikan Was close to its steady state value at the 
earliest times (2-5 ms) at which reliable measure- 
ments could be made. In addition, Ikan does not 
appreciably inactivate with time. Recent experiments 
[21] with the two optical isomers of isoflurane have 
shown that the (+ )-isomer is about twice as effective 
as the (—)-isomer at activating Ikan» strongly 
suggesting a protein target. Whether this target is the 
channel itself or a regulatory protein remains to be 
established. 


Calcitum-activated potassium channels 


Tas, Kress and Koschel [56] have recently shown 
that calcium-activated potassium channels may be 
inhibited by volatile anaesthetics in cultured rat 
glioma C6 cells. They studied the calcium and 
scorpion (Leturus quinquestriatus) venom sensitive 
uptake and release of Rb from these cells at 36 °C. 
The active toxin in the scorpion venom appeared to 
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be charybdotoxin, a well known inhibitor of certain 
(usually large conductance) types of calctum-acti- 
vated potassium channels. IC,, concentrations for 
halothane, isoflurane, enflurane and methoxyflurane 
at 36 °C were found to be very close to their MAC 
values for general anaesthesia in rodents. The 
authors make the novel and interesting suggestion 
that anaesthetic inhibition of these channels in glial 
cells may contribute to general anaesthesia by 
interfering with the spatial buffering of potassium 
ions thought to be performed by these non-neuronal 
cells. 


ACTIVE TRANSPORT SYSTEMS 


Because of the emphasis in the literature on the 
effects of anaesthetics on passive ion channels, the 
possibility that general anaesthetics may act by 
inhibiting “carrier”? systems which actively trans- 
port ions or neurotransmitters is usually ignored. 
However, Tas, Kress and Koschel [55] have shown 
recently that small partial pressures of halothane, 
isoflurane and enflurane significantly inhibit the high 
affinity uptake of radiolabelled noradrenaline into rat 
phaeochromocytoma PC12 cells. Using radiolabelled 
noradrenaline at 36 °C, the IC,, concentrations for 
inhibiting uptake were 1.8% atm for halothane, 
1.8% atm for isoflurane, 2.4 % atm for enflurane and 
0.12% atm for methoxyflurane. 

Also, an interesting earlier study [36] on the 
calcium ATPase of bovine cardiac sarcoplasmic 
reticulum, which reflects the activity of the calcium 
pump which accumulates calcium ions from the 
cardiac cytoplasm, showed that at small concen- 
trations of free calcium, the pump activity was 
inhibited significantly by halothane. Working at 
37°C and measuring calcium-activated ATPase 
activity, they found that 1% atm of halothane 
inhibited activity by 44+6% at a free calcium 
concentration of 0.4 umol litre?. Intriguingly, the 
inhibition by halothane decreased with increasing 
free calcium concentration, consistent with com- 
petitive interactions between calcium ions and 
anaesthetic molecules. 

Other active transport systems are not very 
sensitive to anaesthetic inhibition. Perhaps not 
surprisingly, the ubiquitous sodium—potassium 
pump is not inhibited by clinical concentrations of 
volatile agents [23]. Also, Tas, Kress and Koschel 
[54] have recently shown that the Na*-K*-Cl co- 
transport system in rat C6 glioma cells, while 
sensitive to the smaller (but not the greater) n- 
alcohols, is insensitive to most volatile agents; the 
IC,, concentrations at 36 °C were 0.70 mmol litre"! 
for halothane, 10 mmol litre? for isoflurane, 
10 mmol litre? for enflurane, 10 mmol litre! for 
methoxyflurane and 44 mmol litre for diethyl 
ether. 


CELLULAR RESPONSES 


Volatile general anaesthetics may be selective not 
only at the channel level but at the cellular level. 
This is illustrated by studies [19, 20] on identified 
neurones in the pond snail. Studying neurones in an 
identified cluster of about 40 apparently identical 
neurones having endogenous firing activities, most 
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neurones were found to be relatively unaffected by 
the small concentrations of volatile agents which 
cause general anaesthesia. However, one identified 
neurone was strikingly affected, hyperpolarizing by 
tens of millivolts and completely losing its firing 
activity. This behaviour, confirmed in the isolated 
neurone, was found to be a result of opening of 
anaesthetic-activated potassium channels which 
were apparently absent from the surrounding 
neurones. 


Intracellular calcium 


The intracellular concentration of free calcium 
ions ([Ca?*]), is one of the most important regulatory 
systems in the cell. It has often been suggested that 
anaesthetics may act by increasing [Ca®*], which may 
depress cellular activity by, for example, opening 
calclum-activated potassium channels and thus 
hyperpolarizing the cell. This increase in [Ca?*] 
could, in principle, be a result of anaesthetics causing 
a net release of calcium sequestered in cytoplasmic 
stores (e.g. microsomes, mitochondria) or by in- 
creasing the entry of calcium across the plasma 
membrane. 
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Fic. 8. Low concentrations of volatile general anaesthetics have 
no significant effect on the resting intracellular Ca?* concentration 
([Ca**]) of free calcium ions in synaptosomes prepared from whole 
mouse brain. Only at large anaesthetic concentrations was an 
increase in [Ca*t] observed. [Ca?*] was measured using the 
fluorescent Ca** indicator fura-2. Dose-response curves are given 
for (A) halothane and (B) diethyl ether. The temperature was 
35 °C. (Data taken from fig. 1 of [9].) 
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Fic. 9. Halothane Hal.) differentially affects basal as well as peak 
and sustained increases in free intracellular Ca** ({Ca?*]) in 
response to thyrotropin-releasing hormone (TRH) binding to 
clonal (GH3) pituitary cells. a: The ratio of fluorescence (Fluores.) 
of fura-2 at 340 and 390 nm, a measure of [Ca**], is plotted as a 
function of time. Halothane, when present, was added 1 min 
before exposure of the cells to 100 nmol litre”? of TRH (arrow). 
Note the lack of effect of halothane on basal [Ca?*], the small effect 
on the peak increase in [Ca?t], and the larger effect on the 
sustained increase in [Ca**]. B: Halothane dose-response relation- 
ships for the peak (@) and the plateau (A) responses. The 
halothane insensitive peak response is thought to be caused by 
inositol phosphate-induced release of calcium from intracellular 
stores, while the moderately sensitive (IC,, approximately 
0.4-0.5 mmol litre?) sustained response is probably largely 
caused by influx of calcium ions via voltage-gated calcium 
channels. The temperature was 37°C. (A from [52], with 
permission, B modified from fig. 3B of [52], with permission, with 
data kindly supplied by Alex Evers.) 
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This hypothesis has recently been tested directly 
in a number of cellular systems. Daniell and Harris 
[9] used a fluorescent Ca?t indicator (fura-2) to 
measure [Ca**] in mouse whole brain synaptosomes 
at 35°C. While they found that volatile agents 
increased resting [Ca?*], this occurred only at very 
large anaesthetic concentrations. Figure 8 shows that 
there was no significant change in resting [Ca?*] until 
concentrations in excess of 1 mmol litre! of halo- 
thane or 50 mmol litre of diethyl ether were used. 
In addition, at small anaesthetic concentrations, 
the increase in [Ca**] caused by potassium- 
induced depolarization was either unaffected (by 
< 1.0 mmol litre! of halothane) or reduced (by 
10-50 mmol litre of diethyl ether). Similar experi- 
ments [30, 31] with the rat phaeochromocytoma cell 


line PCi2 showed that small concentrations of 
halothane, isoflurane, enflurane and methoxyflurane 
reduced the potassium-induced increase in [Ca**] 
(see fig. 4 and related discussion). Puil, El-Beheiry 
and Baimbridge [45], working at 27 °C with cultured 
rat hippocampal neurones, found that 0.5-4.0% atm 
isoflurane produced no significant changes in resting 
[Ca**] while reducing the increase in [Ca**] produced 
by application of glutamate. Finally, Stern and co- 
workers [52] found that the sustained increase of 
[Ca**] caused by application of thyrotropin- 
releasing-hormone (TRH) to clonal GH3 pituitary 
cells was depressed by halothane in the range 0.25 to 
0.76 mmol litre? at 37 °C; the same concentrations 
of halothane had no effect on the resting [Ca**t] and 
little effect on the peak increase of [Ca®*] in response 
to TRH (see fig. 9). 

In summary, it has now been shown in a variety of 
cellular systems that pharmacologically relevant 
concentrations of volatile anaesthetics have little or 
no effect on resting intracellular free [Ca**] and if 
anything inhibit, rather than increase, the increase in 
[Ca**] produced by receptor activation or membrane 
depolarization. These latter effects appear to reflect 
anaesthetic inhibition of calcium entry into cells via 
voltage-gated calcium channels. 


The phosphatidylinositol system 

In many systems, binding of agonist to a receptor 
activates a G protein (see below) which in turn 
activates a specific phospholipase C enzyme. This 
enzyme hydrolyses the lipid phosphatidylinositol 
bisphosphate to yield highly charged inositol phos- 
phates and the hydrophobic diacylglycerol (DAG). 
The water soluble inositol phosphates diffuse away 
and trigger the release of calcium ions from in- 
tracellular membrane-bound stores while DAG stays 
in the membrane and activates the enzyme phospho- 
kinase C. 

In the study by Stern and colleagues [52] on GH3 
cells discussed above, no significant effect of halo- 
thane 0.5 mmol litre! (at 37 °C) was found on the 
TRH-stimulated accumulation of inositol phos- 
phates. This suggests that in this cell, the following 
proteins were unaffected by anaesthetic: the TRH 
receptor, the hormone-stimulated enzyme phospho- 
lipase C and the G protein linking it to the receptor. 
Bazil and Minneman [4] also looked at the effect of 
halothane on the accumulation of inositol phosphates 
in slices of rat cerebral cortex both at rest and in 
response to noradrenaline, carbachol, histamine, and 
5-hydroxytryptamine. At 37°C, 1.25% halothane 
(0.35 mmo] litre} had no significant effect on either 
basal or agonist-induced accumulation of inositol 
phosphates. Thus these studies, coupled with the 
numerous observations listed above of no change in 
resting intracellular free calcium concentrations, 
suggest that the inositol phosphate branch of the 


-phosphatidylinositol second messenger system is 


relatively refractory to clinical concentrations of 
volatile general anaesthetics. These resuits also 
suggest that production of DAG via the second 
branch of this system may also be refractory, 
although anaesthetics may well affect the activity of 
phosphokinase C. 
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G proteins 


The first intracellular step following the agonist- 
induced activation of many receptors takes place via 
an intermediate called a G protein (guanine nucleo- 
tide binding protein) [5, 26, 49]. Indeed, about 80 % 
of all known receptors are coupled to G proteins [5]. 
G proteins are implicated in the general anaesthetic 
actions of alpha, adrenergic agonists [37] and are 
obvious a priori candidates for volatile anaesthetic 
targets. 

In a recent study, Anthony, Dennison and Aron- 
stam [2] investigated the effects of isoflurane, 
enflurane and chloroform on the binding of various 
ligands to muscarinic acetylcholine receptors in rat 
brain stem at room temperature, in both the presence 
and absence of guanine nucleotides. They found that 
these anaesthetics increased the binding of antagonist 
(but not agonist) and decreased the ability of guanine 
nucleotides to convert receptors to a state of low 
affinity for agonists. Unfortunately, the experiments 
were carried out at very large (2% atm) anaesthetic 
concentrations for room temperature studies (see fig. 
1 and table I). Bazil and Minneman [4], working 
with rat brain cortical slices at 37°C and using a 
clinically relevant concentration of halothane 
(1.25% atm), observed no effects of halothane on 
agonist or antagonist binding to muscarinic acetyl- 
choline receptors or to alpha,, alpha, and beta 
adrenergic receptors or on the ability of guanine 
nucleotides to reduce agonist binding affinity. In 
addition, they found no effect of this concentration 
of halothane on noradrenaline-stimulated cAMP 
accumulation or inositol phosphate accumulation in 
response to a number of agonists. Finally, as 
mentioned above [52], the G protein linking the 
TRH receptor to the hormone-stimulated phospho- 
lipase C enzyme in GH3 cells appears to be 
unaffected by halothane 0.5 mmol litre™! at 37 °C. 

Overall, the little work that has been done in this 
area suggests that although effects may occur at large 
anaesthetic concentrations, several G proteins are 
relatively unaffected by small clinical concentrations 
of volatile agents. 


Cyclic nucleotides 


There are conflicting reports on the in vivo effects 
of volatile anaesthetics on cyclic AMP (cAMP) 
concentrations, but more general agreement con- 
cerning effects on cyclic GMP (cGMP) concen- 
trations. In an early study, Nahrwold, Lust and 
Passonneau [41] administered partial pressures of 
halothane to mice and subsequently used radio- 
immune assays to measure cAMP and cGMP 
concentrations in cerebral cortex, cerebellum and 
dorsal spinal cord. At 14%atm (MAC = 
0.95% atm in mice), there were significant (greater 
than three-fold) changes in cGMP concentrations 
in the cerebral cortex (increase) and in the cere- 
bellum (decrease) but no change in the spinal cord; 
however, there were no significant changes in cAMP 
in any of the three regions at this concentration of 
halothane. In a similar study with mouse cerebellum, 
Triner and co-workers [59] also reported that 
0.5-1.5% atm halothane decreased substantially (by 
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about two-fold) cGMP concentrations; comparable 
but more substantial decreases were found by 
Vulliemoz and colleagues [60] using enflurane. These 
decreases in cGMP were interpreted as being a 
consequence of anaesthetic-induced decreases in 
Purkinje cell activity [59, 60]. 

In contrast to the negative results of Nahrwold, 
Lust and Passonneau [41] with cAMP in mice, a 
number of investigators [10, 28, 35] have reported 
anaesthetic stimulated increases in rat brain cAMP. 
For example, MacMurdo and colleagues [35] found 
dose-related increases (about two- to three-fold at 
the largest doses) in whole rat brain cAMP concen- 
trations subsequent to amaesthetizing rats with 
1.5-2.0% atm halothane and 2.5~7.5% atm diethyl 
ether, respectively. 

More recently, in an im vitro study, Bazil and 
Minneman [4] reported that 1.25% halothane at 
37°C did not affect significantly either basal or 
noradrenaline-induced cAMP accumulation in slices 
of rat cerebral cortex. The disparity between the 
cAMP results of this in vitro study and most of the 
above in vivo studies raises the possibility that in vivo 
cyclic nucleotide concentrations reflect predomin- 
antly neuronal activity and thus may be simply a 
consequence of, rather than a cause of, general 
anaesthesia. 


LIPID OR PROTEIN TARGETS ? 


Until recently, it was believed widely that general 
anaesthetics act by disrupting lipid interactions in 
cell membranes. This led to the belief that general 
anaesthetics (and, in particular, volatile agents and 
gases) must act indiscriminately and in a “physico- 
chemical’? manner. The general idea was that 
anaesthetic molecules first dissolve in the lipid 
regions of membranes, changing their physical 
properties (such as fluidity or volume). This in turn 
was thought to modulate the activity of integral 
membrane proteins, such as receptors and ion 
channels, which were embedded in the lipid regions. 
Thus lipids were thought to be the primary targets 
and membrane proteins the secondary targets. 
During the past 15 years, however, increasing 
evidence has favoured the view that proteins and not 
lipids are the primary targets of anaesthetic action 
(for reviews, see [15, 18]). This evidence has been of 
three types. (1) Structural and dynamic studies on 
pure lipid bilayers have shown that although large 
anaesthetic effects can be observed at large an- 
aesthetic concentrations, the effects observed at EC,, 
concentrations for general anaesthesia are usually 
barely measurable. Moreover, such changes as do 
occur at surgical EC,, concentrations may almost 
always be mimicked by very small changes (< 1 °C) 
in temperature, comparable to temperature vari- 
ations within the normal physiological range. (2) It 
was discovered [16] that a pure lipid-free protein 
(firefly luciferase) could not only bind a diverse range 
of anaesthetic agents but was inhibited at IC,, 
concentrations which were essentially identical to 
those which produce general anaesthesia. Further- 
more, “cut-off” effects found for inducing general 
anaesthesia when ascending homologous series of 
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alcohols and alkanes were mimicked by this enzyme 
[17]. (3) Recent experiments [21] with the two 
optical isomers of isoflurane have shown that 
although they have identical effects on pure lipid 
bilayers, they act stereoselectively on particularly 
sensitive neuronal ion channels (see fig. 6). Such 
discrimination is characteristic of direct interactions 
with proteins. 


CONCLUSIONS 


If attention is paid to anaesthetic concentrations, 
taking account of experimental temperatures, volatile 
general anaesthetics are found to be selective in their 
actions at the molecular and cellular levels. Most 
voltage-gated ion channels are very insensitive to 
these agents, although certain voltage-gated calcium 
channels are inhibited significantly at surgical con- 
centrations. Ligand-gated ion channels, on the other 
hand, may be much more sensitive and activated or 
inhibited substantially at clinical concentrations. 
Most of the few second messenger systems which 
have been investigated so far are relatively insen- 
sitive, with the possible exception of those involving 
cyclic nucleotides. Volatile anaesthetics appear to act 
selectively on particularly sensitive proteins rather 
than on the lipid bilayer regions of cell membranes. 
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ADRENOCEPTORS AS MODELS FOR G PROTEIN-COUPLED 
RECEPTORS: STRUCTURE, FUNCTION AND REGULATION 


D. A. SCHWINN 


Catecholamines, either endogenous hormones or 
a variety of exogenous synthetic pharmacological 
agents, bind to adrenoceptors to mediate their 
ultimate clinical effects [21]. Since adrenoceptors 
mediate many cardiovascular responses, pharmaco- 
logical stimulation and inhibition of adrenoceptors 
may be useful to the anaesthetist. Ahlquist described 
originally two adrenoceptor subtypes (alpha and 
beta) in 1948 [1], but for many years four “‘classic”’ 
adrenoceptor subtypes (alpha,, alpha,, beta, and 
beta,) have guided our understanding of human 
physiological responses and clinical administration of 
catecholamine drugs. Recently, genes encoding nine 
distinct adrenoceptor subtypes (alpha,,, alpha,,, 
alpha,,, alpha,c,, alphae,,, alphascıo beta,, beta, 
and beta;), have been discovered. The elucidation 
of new adrenoceptor subtypes has already facilitated 
the search for, and development of, adrenoceptor 
subtype selective agonists and antagonists. 
Adrenoceptors are members of the larger guanine 
nucleotide binding protein (G protein)-coupled 
receptor super family [4, 27, 33, 36]. In general, G 
protein-coupled receptors are excitable proteins, 
located in the cell membrane, coupled via inter- 


_mediary G proteins to effector systems. Since 


activation of G protein-coupled receptors results in 
desired (or occasionally undesired) clinical effects, 
these receptor systems are extremely important in 
clinical medicine. However, not all clinically im- 
portant physiological responses are mediated via G 
protein-coupled receptors. Thus in order to provide 
a framework in which to understand the importance 
of G protein-coupled receptors in clinical medicine 
and anaesthesia, this review begins with a basic 
overview of various methods of cell communication, 
with emphasis on excitable transmembrane proteins. 
Because adrenoceptors have been studied intensely 
(in terms of receptor structure, function and regu- 
lation), they provide good models for studying 
mechanisms of action of G protein-coupled receptors 
in general. Therefore, after introducing general 
concepts of cell communication, this review will 
focus primarily on adrenoceptors as models of G 
protein-coupled receptors. Whenever possible, only 
review articles (or landmark discoveries) will be cited 


(Br. J. Anaesth. 1993; 71: 77-85) 
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in order to facilitate a simplified approach while 
simultaneously providing in depth coverage of 
important concepts and topics. 


EXCITABLE TRANSMEMBRANE PROTEINS 


Cells communicate with their environment in many 
different ways. Three general methods of cell com- 
munication and effecting cellular (and ultimately 
clinical) responses are mediated via cytoplasmic 
receptors, stimulation or inhibition of enzyme sys- 
tems, and excitable transmembrane proteins (fig. 1). 
Cytoplasmic receptors may be represented by steroid 
hormone receptors. Since steroid ligands are lipo- 
philic (non-charged, and hence soluble in lipid), 
they cross the lipid bilayer of the cell membrane 
easily and interact directly with steroid receptors 
located in the cytoplasm. In addition to cytoplasmic 
receptors, various enzyme systems are also located in 
the cytoplasm; these systems may be either asso- 
ciated closely with the plasma membrane or present 
in other intracellular locations. Inhibition or stimu- 
lation of enzymes may be important in medical 
therapeutics, as seen with drugs such as amrinone 
and milrinone, which inhibit type III (cAMP) 
phosphodiesterase. However, in spite of the above 
examples of pharmaceutical agents acting via cyto- 
plasmic receptors and cellular enzyme systems, the 
vast majority of current clinically used drugs and 
endogenously secreted hormones mediate their 
effects via excitable transmembrane proteins. 
Three basic types of excitable transmembrane 
proteins can be described (fig. 2): voltage sensitive 





Fic. 1. Three general methods of cell communication which effect 

cellular (and ultimately clinical) responses include cytoplasmic 

receptor (CR), stimulation or inhibition of enzyme systems (E), 

and excitable transmembrane proteins (TM). The location of each 

system is illustrated schematically in relation to the cell nucleus 
(N) and cell membrane. 
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Fig. 2. Three types of excitable transmembrane proteins are 

important in mediating cell responses to endogenous hormones or 

exogeneous drugs. These include voltage sensitive channels, 
ligand-gated channels and transmembrane receptors. 


ion channels, ligand-gated ion channels and trans- 
membrane receptors. Voltage sensitive ion channels 
open and close depending on cell membrane voltage 
and are represented by classic ion channels, such as 
sodium, chloride, potassium and calcium channels. 
Voltage sensitive ion channels are reviewed in 
detail elsewhere in this issue and so will not be 
described further in this review. The second type 
of clinically important excitable transmembrane 
proteins include ligand-gated ion channels, such 
as nicotinic cholinergic receptors and amino acid 
receptors (including GABA, and N-methyl-D- 
aspartate (NMDA) receptors). Ligand-gated ion 
channels are receptor-ion channel complexes in 
which the ion channel is an integral part of a larger 
and more complex transmembrane protein (fig. 3). 
Interestingly, ligand-gated ion channel complexes 
are modulated frequently by more than one ligand, 
ion, or both. For example, GABA, receptors bind 
GABA, benzodiazepines, barbiturates and ethanol, 
while NMDA receptors bind NMDA, phencyclidine 
(for which ketamine is an analogue), glycine and 
various ions. For further information regarding 
ligand-gated ion channels, the reader is referred to a 
recent review [4]. 

The third general type of excitable transmem- 
brane proteins involved in cell communication and 
activity are transmembrane receptors. Cell mem- 
brane receptors may be defined as excitable trans- 
membrane proteins which interact selectively with 
extracellular compounds (either endogenous hor- 
mones or exogenous drugs) to initiate a cascade of 
biochemical changes which lead to the ultimate 
physiological effect. Since transmembrane receptors 
are located in the lipid cell membrane, they are able 
to bind hydrophilic (water soluble, and therefore 
frequently charged) ligands located in the extra- 
cellular space. Thus many hydrophilic hormones 
and drugs do not have to cross the lipid bilayer to 
interact with the cell. However, this process then 
necessitates a mechanism by which transmembrane 
receptors notify the cell of receptor occupancy by 
ligands. Such a process is frequently referred to as 
signal transduction. Since signal transduction is 
reviewed separately in this symposium, only a brief 
overview will be given here. 


BRITISH JOURNAL OF ANAESTHESIA 


cI- 






Extracellular 





intracellular 





Fig. 3. Ligand-gated ion channels are receptor—ion channel 

complexes in which the ion channel is an integral part of a larger 

and more complex transmembrane protein. The ion channel is 

depicted as two thin rectangles traversing the cell membrane 

(shaded boxes). Black squares, triangles and half circles represent 

binding sites for ligands and ion modulators of the channel (see 
text for details and examples). 
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Fig. 4. Transmembrane receptors (R) are located in the cell 

membrane and bind drugs or hormones on the extracellular 

surface. Agonist bound receptors then interact with intermediary 

guanine nucleotide proteins (G proteins). With the energy 

provided by hydrolysis of GTP to GDP, activated G proteins are 

then able to interact with effector systems (E), ultimately leading 
to clinical effects. 


Many receptors communicate agonist occupancy 
via guanine nucleotide proteins (G proteins) [15, 19]. 
Figure 4 shows a schematic diagram of a model G 
protein-coupled receptor system. An extracellular 
ligand (either an endogenous hormone or exogenous 
drug) couples to the transmembrane receptor. Thus 
activated, the receptor is able to interact with the 
intermediate G protein. Hydrolysis of guanosine 
triphosphate (GTP) to guanosine diphosphate 
(GDP) provides the energy for the activated G 
protein to then interact with the effector molecule 
(either an enzyme system or ion channel) to mediate 
the final cascade of biological reactions within the 
cell which ultimately lead to the observed biological 
effects. Many different transmembrane receptors are 
part of the larger super family of G protein-coupled 
receptors. Examples of clinically important G 
protein-coupled receptor systems used currently and 
possibly in the future by the anaesthetist include 
adrenergic, muscarinic cholinergic, opioid, sero- 
tonin, dopamine, endothelin, atrial natriuretic, 
cannabinoid and cholecystokinin receptors. Since 
adrenoceptors have been studied intensively and 
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nine distinct subtypes have now been cloned, 
adrenoceptors provide good models for G protein- 
coupled receptors. The rest of this review will be 
devoted to adrenoceptors, including their subtype 
classification, classical pharmacology and molecular 
pharmacology. It is important to keep in mind, 
however, that many of the structural features of 
adrenergic receptors can be generalized to other G 
protein-coupled receptors. 


ADRENOCEPTORS 


In 1948, Ahlquist identified two types of receptors 
which he denoted alpha and beta [1]. In 1967, Lands 
and colleagues further distinguished two beta adreno- 
ceptor subtypes: beta, and beta, [25, 26]. During 
the 1970s, four adrenoceptor subtypes became 
apparent: alpha,, alpha,, beta, and beta,. Each of 
these receptors couples to distinct signal trans- 
duction pathways and will be referred to as the 
“classic” adrenoceptor subtypes in this review 
(as most of the actions of clinically available cate- 
cholamine agonists and antagonists are thought of in 
terms of these four subtypes). During the late 1980s 
and early 1990s, genes encoding nine distinct 
adrenoceptor subtypes were cloned, so it is known 
that at least nine distinct adrenoceptor subtypes exist: 
these include alpha,,, alpha,,, alpha,,, alphascs, 
alphaso., alphasci9, beta,, beta, and beta, adrenocep- 
tors [12, 13, 16, 17, 22, 24, 29, 30, 35, 37, 38, 46]. In 
terms of physiological cardiovascular responses, 
alpha, adrenoceptors are located on postsynaptic 
membranes and mediate vasoconstriction. Alpha, 
adrenoceptors are located both presynaptic where 
they inhibit the release of noradrenaline at the nerve 
terminal, and postsynaptic where they also mediate 
vasoconstriction. Beta, adrenoceptors are thought 
classically to mediate cardiac effects, such as in- 
creased heart rate and myocardial inotropy, while 
beta, adrenoceptors mediate smooth muscle dilation 
such as bronchodilation in the lungs and vasodilation 
in peripheral vessels. These classic physiological 
descriptions are now known to be incomplete. For 
example, it is clear that beta, adrenoceptors are also 
located in human myocardial tissue where they 
mediate increased myocardial inotropy as well as 
possibly mediating increases in heart rate. In spite of 
these limitations, classic descriptions of adreno- 
ceptor subtype-mediated physiological effects have 
been useful in that they provide an effective 
framework in which to use therapeutic agents 
currently available clinically. 

In addition to describing adrenoceptors in terms 
of end-organ physiology, each subtype can be 
characterized in terms of classical pharmacology 
experiments, specifically agonist potency series and 
selective agonists and antagonists. The agonist 
potency series for alpha, adrenoceptors is as follows: 
adrenaline > noradrenaline > phenylephrine > 
isoprenaline. Interestingly, the agonist potency 
series for alpha, adrenoceptors is identical to that for 
alpha, adrenoceptors. This is one of the reasons 
that identification of alpha adrenoceptor subtypes 
(specifically alpha, and alpha,) was difficult his- 
torically. Instead, definitive characterization of 


alpha, and alpha, adrenoceptors came with the 
discovery of selective antagonists such as prazosin 
(alpha, adrenoceptor), also idazoxan and yohimbine 
(alpha, adrenoceptor). Selective agonists such as 
phenylephrine (alpha,), clonidine and dexmede- 
tomine (alpha,) have since been discovered. Beta 
adrenoceptors have the following agonist potency 
series: beta,, isoprenaline > adrenaline > nor- 
adrenaline > phenylephrine; beta,, isoprenaline > 
adrenaline > noradrenaline > phenylephrine. In 
general, subtle differences between adrenaline and 
noradrenaline affinity discriminate beta, from beta, 
adrenoceptors. Relatively selective antagonists have 
been found for beta adrenoceptors, for example 
metoprolol and betaxolol (beta,) and pindolol (beta,). 
A selective agonist for beta, adrenoceptors is not yet 
available, but salbutamol is a clinically available 
selective beta, adrenoceptor agonist. 

In addition to physiological end-organ response 
and ligand binding, adrenoceptor subtypes also 
utilize different G proteins and second messenger 
pathways (fig. 5) [4, 15,19, 21, 27, 33,36]. In 
general, beta adrenoceptors (once bound with 
agonist) interact with the stimulatory G protein, G,, 
to activate the enzyme adenylyl cyclase [21]. 
Stimulation of adenylyl cyclase results in the pro- 
duction of cAMP which ultimately activates various 
protein kinases within the cell to cause phos- 
phorylation of a cascade of proteins which result in 
the ultimate physiological response [9, 39]. Alpha, 
adrenoceptor subtypes couple to an opposing path- 
way. Once bound by agonists, alpha, adrenoceptors 
couple to the inhibitory G protein, G,, to inhibit the 
activity of adenylyl cyclase [34]. This decreases 
production of cAMP in the cell. In fact, in order to 
study alpha, adrenoceptor activation, it is necessary 
frequently to stimulate the adenylyl cyclase moiety 
directly with forskolin and monitor inhibition of 
forskolin stimulation of adenylyl cyclase activity. 
Interestingly, alpha, adrenoceptors activate a com- 
pletely different pathway. Agonist activation of 
alpha, adrenoceptors enables receptor coupling to 
the newly described G protein G, [6, 11], which then 
activates the enzyme phospholipase C. Activation of 
phospholipase C results in the hydrolysis of mem- 
brane phospholipids to major products, inositol 
triphosphate (IP3) and diacylglycerol (DAG) [5]. 
IP3 then binds to its own receptor located on 
intracellular membranes to cause the release of 
intracellular calcium from non-mitochondrial stores, 
particularly the sarcoplasmic reticulum. DAG acti- 
vates the enzyme protein kinase C, which then 
modulates this process [32]. 

It is important to understand signal transduction 
pathways for each major adrenoceptor subtype in 
order to understand the mechanism of action of 
clinically important drugs. This becomes particu- 
larly important when two drugs affecting a given 
signal transduction pathway at different effector 
points are administered simultaneously. For 
example, in acute heart failure during cardiac 
surgery, administration of a beta adrenoceptor 
agonist, such as adrenaline, is clinically efficacious. 
Since activation of myocardial beta adrenoceptors by 
adrenaline leads to increased intracellular cAMP, 
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Fic. 5. Adrenergic receptor subtype second messenger systems. Receptors (alpha, (a,), alpha, (a,) and beta (B) 

interact with intermediary guanine nucleotide proteins (G proteins, G,, G, and G,, respectively) and ultimately second 

messenger systems (adenylyl cyclase (AC), phospholipase C (PLC)) to activate a cascade of biochemical reactions and 

enzyme systems (protein kinases, inositol triphosphate (IP3), diacylglycerol (DAG) and calcium (Ca**) mobilization) 
(see text for details). 


addition of a phosphodiesterase inhibitor, such as 
amrinone (which inhibits the breakdown of cAMP), 
will augment cAMP concentrations in myocardial 
cells. This ultimately leads to additive (and po- 
tentially synergistic) effects of increased myocardial 
inotropy. Hence, by understanding receptor systems 
and their modulation in disease states, clinical effects 
of drug administration may often be predicted for a 
given patient. 


MOLECULAR PHARMACOLOGY OF ADRENOCEPTORS 


Molecular pharmacology focuses on understanding 
receptor structure as it relates to pharmacological 
properties and ultimate function and regulation. 
Included are concepts such as general receptor 
structure, elucidation of regions of the receptor 
important for ligand binding, second messenger 
coupling and desensitization or regulation. However, 
in order to understand the molecular pharmacology 
of a given receptor, it is important to isolate the 
receptor from others. This process 1s made difficult 
by the fact that many receptors (and receptor 
subtypes) are present simultaneously in a given 
human cell or tissue. Therefore, in order to study the 
properties of a single adrenoceptor subtype, it is 
important to isolate the receptor from other receptors 
in the same tissue. One of the classic methods used to 
isolate an individual receptor subtype is to purify the 
receptor protein to homogeneity and then recon- 
stitute the receptor in an artificial membrane system 
[8, 33]. This enables each component of the receptor 
system to be studied in detail. 

The first step in purifying a single transmembrane 
receptor is to remove the lipid cell membrane; this is 
frequently accomplished using a detergent such as 
digitonin. The next steps relate to purification of the 
desired receptor from other receptors present in the 
tissue. A major advance in receptor purification over 


the past 15 years is the concept of affinity chromato- 
graphy. An affinity chromatography column is 
a solid support attached to long side chain molecules 
ending with a ligand congener which binds the 
receptor. Therefore, once solubilized, receptors may 
be separated by affinity chromatography. Only the 
receptor which binds the ligand attached to the 
column should stick, while other receptors remain 
free. After repeated washes, isolated receptor can be 
eluted from the column with a greater concentration 
of ligand or salt, resulting in a receptor which is 
highly purified. Frequently, if complete homo- 
geneity is required, then several columns can be 
used. 

Receptor purification to homogeneity has been 
accomplished over the past decade in many receptor 
systems, enabling rapid advances in the field of 
molecular pharmacology. However, while receptor 
purification has provided important steps forward in 
studying receptors, this process may be long and 
tedious, sometimes taking days to weeks to purify 
enough receptor for a single experiment. Intro- 
duction of molecular biology techniques has greatly 
simplified this process and therefore is presented 
briefly below. 

Molecular biology is based on the fact that every 
protein in the body, albeit an enzyme, structural 
element or transmembrane receptor, is encoded in 
deoxyribonucleic acid (DNA). The nucleotide se- 
quence present in DNA which encodes an entire 
protein is called a gene. Since DNA is found in the 
cell nucleus and the building blocks of proteins (i.e. 
amino acids) are assembled in the cytoplasm, an 
intermediate molecule is necessary to transmit 
information from the nucleus to the cytoplasm. 
Messenger ribonucleic acid (mRNA) is such an 
intermediary molecule; once information is 
transcribed from DNA to mRNA, mRNA then 
moves to the cytoplasm where it interacts with 
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Fig. 6. Overall structure of adrenergic receptors in the cell membrane (A). This general seven transmembrane motif 

ig common to all G protein-coupled receptors known to date. An extracellular amino terminus, three extracellular 

loops, three intracellular loops and an intracellular carboxyl terminus are apparent. Since the initial portion of the 

carboxyl terminus is anchored to the lipid membrane via palmitylation at a critical cysteine residue, a fourth 

intracellular loop is actually formed. Regions of the receptor important in ligand binding, G protein coupling and 
desensitization are shown in B, C, and D, respectively (see text for details). 


ribosomal RNA and transfer RNA which make up 
the “‘factories’’ where proteins are built. The process 
of taking encoded information from mRNA and 
making a protein is called translation. Thus in- 
formation is transcribed from DNA to RNA and 
then translated into proteins. The protein is then 
mobilized to its appropriate location. Interestingly, 
the human genome frequently contains non- 
translated sequences surrounding each gene which 
are thought to modulate transcription rate, 
ultimately controlling the concentration of final 
encoded protein. 

Using classical molecular biology techniques 
[31, 45], genes encoding nine adrenoceptor subtypes 
have been discovered [12, 13, 16, 17, 22, 24, 29, 30, 
35, 37, 38, 46]. While the first adrenoceptor gene to 
be isolated and sequenced encoded the beta, subtype, 
we now know that at least three alpha,, three alpha,, 
and three beta adrenoceptor subtypes exist. Incor- 
poration of adrenoceptor genes into cells not 
normally expressing these receptors results in cell 
lines containing individual adrenoceptor subtypes, 
enabling testing and elucidation of the signal trans- 
duction properties of each individual receptor 
subtype. Purification (both partial and completely to 
homogeneity) may be accomplished more easily from 
cell lines expressing large adrenoceptor subtype 
concentrations (i.e. 2-5 pmol receptor/mg total pro- 


tein), while tests of physiological function may be 
performed in cells expressing smaller, more physio- 
logical concentrations of receptor protein (i.e. 
100-250 fmol/mg total protein). Because of these 
molecular biology techniques, a great deal of pro- 
gress has been made in understanding how receptor 
structure relates to physiological function. There- 
fore, the rest of this review will summarize general 
structural properties of adrenoceptors, specifically 
regions of adrenoceptors involved in ligand binding, 
G protein-coupling and regulation. More in depth 
analysis of these topics may be found in more 
detailed general reviews [27, 33,36], as well as 
specific reviews cited in each section below. 


General structure 


One of the most striking features of adrenoceptors 
(and G protein-coupled receptors in general) is the 
seven transmembrane motif (fig. 6A). The presence 
of seven stretches of 20-25 lipophilic amino acids 
suggests that the receptor protein winds in and out of 
the cell membrane seven times, creating an extra- 
cellular amino terminus, intracellular carboxyl 
terminus, three small extracellular loops and three 
intracellular loops [27]. Of note, the third intra- 
cellular loop is larger and potentially more important 
in signal transduction than other intracellular loops. 
It is important to note that this overall structure has 


82 


OH | 
NA HO Yor Nh 

HO 

OH 4 

A HO Say NH2 

HO 

H 

5-HT TOINI aa 

HO NH3 


ACh 


Fic. 7. Chemical structure of catecholamine ligands (adrenaline 
(A) and noradrenaline CNA)) compared with serotonin (5-HT) 
and acetylcholine (ACh). 


been confirmed using various biochemical 
experiments and more recently with antipeptide 
antibodies to every major region of the beta, 
adrenoceptor receptor [27, 33, 36]. In comparing the 
overall structure of individual adrenoceptor 
subtypes, it is important to note that while the same 
seven transmembrane motif holds, some overall 
structural differences do occur. For example, alpha, 
adrenoceptors contain a very long intracellular 
carboxyl terminus, alpha, adrenoceptors a very short 
intracellular carboxyl terminus but extremely long 
third intracellular loop, while beta adrenoceptors are 
intermediate between these two extremes. 

When comparing individual amino acid sequences 
between adrenoceptor subtypes, another general 
feature is observed. If the identity of amino acids 
between two adrenoceptor subtypes (i.e. alpha, and 
beta,) is considered, matching amino acids are found 
to be concentrated in the transmembrane regions. 
Interestingly, when comparing transmembrane 
amino acid identity between two adrenoceptor 
subtypes within the same subfamily (i.e. alpha,, and 
alpha, adrenoceptors), transmembrane amino acid 
identity is as great as 72—75 % [37]. Comparing amino 
acids between adrenoceptor subtypes in different 
subfamilies (i.e. alpha, vs alpha,, alpha, vs beta), 
transmembrane amino acid identity decreases to 
approximately 42—45% [27, 33, 36]. Transmem- 
brane amino acid identity between adrenoceptors 
and another G protein-coupled receptor system (i.e. 
muscarinic cholinergic receptors) is approximately 
35%. Since ligand binding properties are related 
most closely within a given subfamily of adreno- 
ceptors, this information suggests that the trans- 
membrane region may be important in ligand 
binding. 

Ligand binding 

In order to understand the structural requirements 
for ligand binding to receptors, it is important to 
consider the overall structure of catecholamine 
ligands. Figure 7 shows the chemical structure of the 
catecholamines adrenaline and noradrenaline com- 
pared with serotonin and acetylcholine. Adrenaline 
and noradrenaline contain a catecholamine ring 
moiety, hydroxyl groups at both the catecholamine 
ring and beta hydroxy positions, as well as a 
protonated amine group. In contrast, serotonin 
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contains a catecholamine ring but no hydroxyl group 
in the beta hydroxy position, and the protonated 
amine group is further from the catechol ring. 
Acetylcholine has a different overall structure. In 
order to bind ligand to a receptor protein, it is 
imperative to have charged counterbalancing ions 
located in the receptor. Hence, how can ligand 
binding (which requires charged counter ions) 
involve transmembrane amino acids when these are 
known to be lipophilic (i.e. non-polar, non-charged) ? 
The answer appears to be that while transmembrane 
amino acids are lipophilic overall, side chain groups 
in critical amino acids are charged and thus provide 
the required counter ions [14]. 

When considering which regions in a receptor 
protein are important for ligand binding, it is 
important to remember that adrenoceptors are three- 
dimensional. Transmembrane domains in G protein- 
coupled receptors coalesce to form a binding pocket, 
permitting access from the extracellular space for 
binding of charged catecholamines [14, 42, 44]. In 
order to test which transmembrane regions are 
important in ligand binding, it is possible to take 
advantage of molecular biology techniques such as 
DNA “cutting and pasting” to form novel genes 
which encode synthetic receptors, spectfically with 
alterations in the area of interest. For example, if 
regions of the beta, adrenoceptor are gradually 
replaced with beta, adrenoceptor starting from the 
amino terminus, ligand binding properties remain as 
would be expected for the beta, adrenoceptor, until 
the third and fourth transmembrane regions are 
replaced with beta, adrenoceptor [18]. At this point, 
agonist ligand binding properties change to those 
expected for the beta, adrenoceptor even though the 
remainder of the receptor is still beta, [18]. This 
suggests that the third and fourth transmembrane 
domains may be important in ligand binding 
(18, 42, 44]. Similar studies have determined that 
antagonist binding also involves the sixth and seventh 
transmembrane domains [23]. It is important to 
remember, however, that the seventh trans- 
membrane may be close to the third and fourth 
transmembrane when the three-dimensional struc- 
ture is taken into account. While synthetic chimeric 
receptors give an initial idea of which general regions 
are involved in ligand binding, it is important to 
know also which individual amino acids act as 
counter ions for ligands and are therefore critical in 
ligand binding. Mutation (or changing) of individual 
amino acids has also been performed using standard 
molecular biology techniques [31, 45], and distinct 
amino acids acting as counter ions for either agonists 
and antagonists have been identified for the beta, 
adrenoceptor [42, 44]. These studies implicate dis- 
tinct charged amino acids present in hydrophobic 
transmembrane areas as providing counter ions for 
the ligand catonic amine group, hydrogen bond 
interactions with catecholamine hydroxyl groups 
and aromatic interactions with the catecholamine 
ring. 

G protein coupling 


Transmembrane receptors interact with G 
proteins on or near the cytoplasmic surface of the cell 
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Fic. 8. Three basic mechanisms of desensitization have been discovered. The first involves receptor (black 

rectangle)}~G protein (white half-~circle) uncoupling. This includes receptor phosphorylation (triangles) and activation 

of other proteins such as beta arrestin (oval) which prevent receptor interaction with the G protein. The second 

mechanism is receptor internalization, or sequestration, and involves mobilization of the receptor to intracellular 

vesicles. Sequestered receptor can be recycled back to the surface once agonist stimulation terminates. The third 

mechanism of desensitization is receptor down-regulation, a process where sequestered receptors are destroyed (see 
text for details). 


membrane. Hence it would be expected that the 
region(s) involved in G protein coupling would be 
part of the receptor cytoplasmic surface. Cytoplasmic 
regions of adrenoceptors in general include the three 
cytoplasmic loops and carboxyl terminus. Since the 
initial portion of the carboxyl terminus is anchored 
to the lipid membrane via palmitylation at a critical 
cysteine residue, a fourth intracellular loop is actually 
formed. In general, regions known to be important 
in G protein coupling include the amino and 
carboxyl portions of the third intracellular loop, and 
the initial portion of the carboxyl terminus (fig. 6c). 
Part of the second intracellular loop may also be 
involved, but to a lesser extent. Detailed reviews of 
specific regions and residues important in 
receptor—G protein coupling are available elsewhere 
[18, 23, 33, 36, 43]. 


Regulation of adrenoceptors 


Regulation of adrenoceptors becomes important 
when considering disease states involving the 
adrenergic nervous system, such as hypertension, 
congestive heart failure and acute tolerance to 
catecholamine drug therapy. One of the most 
common and intensively studied methods of 
regulating adrenoceptors is desensitization. 
Desensitization may be defined as a general bio- 
logical phenomenon characterized by waning of a 
physiological response over time, despite the pres- 
ence of a constant stimulus. It is important to 
remember that desensitization is therefore a func- 
tional definition describing a physiological end-point 
and does not imply in itself a specific mechanism. 
Desensitization may be thought of as an important 
response required to dampen extremes of physiology. 
For example, stimulation with adrenaline may 
increase heart rate significantly. Rapid heart rate is 
not well tolerated in the long term; desensitization 
therefore provides a protective mechanism to 
dampen heart rate response to adrenaline, gradually 
returning heart rate to normal. 


Two general types of densensitization have been 
described, homologous and heterologous [36]. Homo- 
logous desensitization occurs when only the re- 
ceptor which binds the stimulating agonist is 
desensitized (i.e. only beta adrenoceptors are 
desensitized to the beta adrenoceptor agonist 
isoprenaline and not other receptors). In contrast, 
heterologous desensitization occurs when stimu- 
lation of a distinct receptor results in the production 
of a second messenger which ultimately causes the 
desensitization of other receptor systems coupled to 
the same second messenger pathway (i.e. stimulation 
of the prostaglandin PGE, receptor which causes the 
production of cAMP, results in both PGE, receptor 
and beta adrenoceptor desensitization) [36]. 

While desensitization is a functional definition, 
three distinct mechanisms have been discovered to 
mediate this phenomenon (fig. 8). The first involves 
uncoupling of the receptor from the intermediary G 
protein. Receptor-—G protein uncoupling occurs 
rapidly (within minutes to hours) following agonist 
exposure. Receptor phosphorylation is thought to 
result in inhibition of effective receptor—G protein 
interactions. Using the beta, adrenoceptor as a 
model, at small agonist concentrations (nmol litre 
range), cAMP-dependent protein kinase (protein 
kinase A) phosphorylates a site in the initial carboxy! 
terminus and also in the third intracellular loop [20]. 
At large agonist concentrations (i.e. pmol litre+), 
phosphorylation occurs via protein kinase A but also 
by another kinase called beta adrenoceptor kinase 
which phosphorylates agonist occupied beta, adreno- 
ceptors on serine and threonine residues in the 
carboxyl terminus [2, 3,20]. Phosphorylation via 
beta adrenoceptor kinase causes another protein 
molecule, beta arrestin [28] to bind to the receptor 
and effectively inhibit receptor—G protein binding 
[20]. Over a decade of intense research has led to 
detailed understanding of receptor sites of 
phosphorylation, enzymes involved and timing of 
events during receptor uncoupling in desensitization. 
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‘The reader is referred to several reviews of this topic 
[2, 3, 7, 20, 28, 40,41]. However, the important 
point is that receptor—G protein uncoupling occurs 
rapidly without changes in cell surface receptor 
number. 

A second mechanism of desensitization is seques- 
tration. Sequestration refers to internalization of 
adrenoceptors during chronic agonist stimulation, a 
process which occurs in minutes to hours. It 1s 
important to note that sequestered receptor may be 
recycled back to the cell surface once agonist 
stimulation is discontinued. In spite of intensive 
study over the past decade, mechanisms responsible 
for sequestration have yet to be elucidated. 

The third mechanism of desensitization is down- 
regulation, a slower process which occurs over hours 
to days. Like sequestration, down-regulation 
involves internalization of adrenoceptors. However, 
a further trigger is initiated in down-regulation that 
results in destruction of receptor protein, hence 
receptors cannot be recycled to the cell surface once 
agonist stimulation discontinues. Instead, new re- 
ceptor protein must be made in order to increase 
adrenoceptor number back to baseline. In tn vitro 
assays, cells exposed to agonist stimulation decrease 
the surface receptor number significantly after 
approximately 3 h. Long-term down-regulation may 
occur via increased receptor destruction or decreased 
receptor synthesis. Each of these potential 
mechanisms is under intense study and appears to be 
triggered by receptor phosphorylation [10]. Since 
desensitization is important in human disease and 
acute drug therapy, it is important to determine the 
mechanisms involved; this may one day enable 
specific inhibitors to be used to prevent 
desensitization when acutely required clinically. 


CONCLUSIONS 


Adrenergic receptors are important receptors in 
clinical medicine. Because of their transmembrane 
location, agonist occupancy is signaled via coupling 
to intermediary G proteins and ultimately activation 
of distinct second messenger systems. Because of 
intense study, adrenoceptors provide good models 
for G protein-coupled receptors in general. Recently, 
molecular biology techniques have enabled the 
discovery of genes encoding nine distinct 
adrenoceptor subtypes (three alpha,, three alpha, 
and three beta adrenoceptors), and have enabled 
detailed elucidation of overall structural features, as 
well as regions involved in ligand binding, G protein 
coupling and desensitization. The availability of 
genes encoding individual adrenoceptor subtypes 
will hopefully result in the elucidation of more 
subtype-selective drugs for use clinically with fewer 
side effects in the near future. 
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SIGNAL TRANSDUCTION: G PROTEINS AND SECOND 


MESSENGERS 


D. G. LAMBERT 


The mechanisms underlying receptor—effector coup- 
ling are fundamental to our understanding of cellular 
function. A central issue in this area is how cell 
surface receptors transduce and amplify incoming 
signals. Other articles in this issue of the Journal 
cover the details of Ca** channel structure and their 
interactions with anaesthetic agents. This review 
concentrates on two of the most well characterized 
second messenger systems, adenylyl cyclasecAMP 
and inositol polyphosphate—[Ca?*],. 


WHAT DO WE MEAN BY SIGNAL TRANSDUCTION AND 
WHAT IS A SECOND MESSENGER? 


Signal transduction is the process by which a cell can 
convert an input into an appropriate output [51], for 
example conversion of muscarinic stimulation of 
glandular tissue into a secretory response. There are 
four elements between input and output in this basic 
system (see fig. 1). The agonist or first messenger 
(which may be a neurotransmitter or hormone) 
interacts with a specific cell surface receptor. The 
conformational change occurring in the receptor 
protein as a consequence of agonist binding enables 
the receptor to interact with the second element in 
the system, the G protein. The G protein transduces 
the signal to an amplifying enzyme (third com- 
ponent) whose activity elaborates a second mess- 
enger, the final component of the system. The 
second messenger will activate a cascade of enzymes 
which ultimately lead to an increase in protein 
phosphorylation and an output or response. 


G PROTEIN-COUDPLED RECEPTORS AND THEIR SECOND 
MESSENGER SYSTEMS 


A basic understanding of the structure of G protein- 
coupled receptors is important to appreciate both the 
consequences of agonist binding and the sites at 
which G proteins interact. G protein-coupled recep- 
tors appear to have a common structure in that, of 
the receptors cloned to date, all span the plasma 
membrane seven times (which is why they have often 
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been named the magnificent seven) with three 
extracellular loops and three intracellular loops; the 
carboxy terminus of the protein is intracellular and 
the N terminus is extracellular. The remainder of 
this review will consider the muscarinic receptor 
family (fig. 2) [27, 59]. 

The muscarinic receptors are a family of five 
subtypes M1~M5; all have different amino acid 
sequences, but there is a great deal of similarity 
(homology) between certain of the subtypes in 
precise areas of the protein. For example, the third 
intracellular loop of the proteins show greatest 
homology between Mi, M3 and M5 and between 
M2 and M4, but not between these groups. Also, 
M1, M3 and M5 subtypes couple to inositol 
polyphosphate generation and M2 and M4 subtypes 
inhibit the generation of cAMP. These findings 
point to the third intracellular loop of the protein 
being the site at which subtype selective messenger 
linkage occurs [34, 59] G.e. the site of receptor G 
protein interaction). In an elegant series of experi- 
ments where chimeric muscarinic receptors have 
been created, it has been shown that if an M2 
receptor is constructed with an M3 third intra- 
cellular loop, this M2 receptor (with a normal 
pharmacological profile) couples to the wrong second 
messenger system, inositol polyphosphate generation 
[68,69]. There has also been suggestion, but no 
definite consensus, that the C terminal region may 
also be involved in the interaction with G protein 
[68]. The site of agonist interaction appears to 
involve spanning domains 3, 6 and 7, and if the 
receptor is redrawn in the helical wheel configur- 
ation, as shown in figure 2 (“birds eye view” of the 
extracellular surface of the membrane), agonist 
interaction may be seen clearly. 

To date, there have been at least 100 G protein- 
coupled receptors identified (many have been cloned 
and sequenced) and for many the pharmacology or 
function has not been established [67]. Indeed the 
field is advancing so rapidly that in the period 
between writing this article and it going to press, 
many more receptor(s) will have come under the 
“cloners” scrutiny. Table I shows some of these G 
protein-coupled receptors and the second messenger 
system to which they couple. 
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First messenger —~—*Receptor——— G protein —> Enzyme ———> Second messenger 
{Amplifier) 


(Agonist) NH (Transducer) 


IP3 
Phospholipase C x 
Adenylyl cyclase 
alae cAMP 


Input 








MAZOwMNMa 


Output 


Fic. 1. Diagramatic representation of the process of signal transduction; the conversion of receptor input into an 
appropriate output. The system consists of four basic elements: the receptor, G protein, amplifying enzyme and the 
second messenger. In this example, adenylyl cyclase-cAMP and phospholipase C—Ins(1,4,5)P, are shown. 


Intra 





Fig. 2. Muscarinic receptor structure. A: The muscarinic receptor is a member of the seven transmembrane (TM1-7) 

spanning G protein-coupled receptors. The receptor has three intracellular (11-13) and three extracellular (01—03) 

loops. i3 = Site of G protein (alpha subunit) coupling. B: Helical wheel transformation of the receptor shows 

transmembrane domains 3,6 and 7 forming the agonist (A) binding pocket. (See text for further description and [27]. 
Modified from [34].) 


TABLE I. Examples of G protein-coupled receptors and the in- 

tracellular second messengers they generate. cAMP + = Receptor 

stimulates generation of cAMP; cAMP— = receptor inhibits gener- 

ation of cAMP; IP3+ = receptor stimulates generation of ino- 
sitol(1 ,4,5)triphosphate (IP3) (see text and [67}) 


Receptor Second messenger 

Adrenoceptors 

Alpha, ansie 1P3 + 

Alpha, aesae cAMP — 

Beta, pag cAMP + 
Bradykinin (B,.,) IP3 + 
Calcitonin gene related peptide cAMP + 
Dopamine (D,_5) IP3 + /cAMP — 
Glutamate (metabotrophic) IP3+ 
Histamine cAMP + /IP3 + 
5-HT Ganyan cAMP — /cAMP + /IP3+ 
Muscarinic (M1—5) IP3 + /cAMP— 
Opioid (1/0/x) cAMP — 
Vasopressin (Vianna) IP3 + /cCAMP + 


GUANINE NUCLEOTIDE BINDING (G) PROTEINS 


Guanine nucleotide binding (G) proteins are a group 
of membrane associated proteins that transduce the 
agonist-receptor interaction into an intracellular 
response via interaction with a specific effector 
enzyme (fig. 1) [8, 9, 44,49,64]. As the name 
suggests, these proteins bind the guanine nucleotides 
GDP and GTP. In the inactive state, GDP is bound 
and when activated GDP is exchanged for GTP. G 
proteins are heterotrimers (i.e. they are composed of 
three structurally distinct subunits, alpha, beta and 
gamma). The beta and gamma subunits show good 


homology across different G proteins. G proteins are 
best distinguished by differences in their alpha 
subunits (table II). Beta and gamma subunits are 
probably involved in anchoring the protein in the 
plasma membrane, whereas the alpha subunit has a 
number of functions to perform. It must interact 
with the receptor (see fig. 2), it must interact with the 
effector enzyme (e.g. adenylyl cyclase) and it must 
possess GTPase activity to enable inactivation. 

Next we consider the sequence of events between 
agonist—receptor interaction and activation of the 
effector enzyme, the G protein cycle (fig. 3) [64]. 
Agonist interaction with the receptor causes a 
conformational change in the receptor protein to 
enable interaction with the G protein. Bound GDP 
(inactive) is exchanged for intracellular GTP (fig. 
3A). The alpha subunit dissociates from the beta- 
gamma complex (fig. 3B). Alpha-GTP may then 
interact with the effector enzyme (fig. 3c). The alpha 
subunit displays GTPase activity which converts 
bound GTP to GDP (fig. 3D) and inactivates the G 
protein. Finally, the alpha and beta~gamma subunits 
reassociate and the cycle begins anew. The cycle can 
be modified pharmacologically using non-hydro- 
lysable analogues of GTP (GTP[S] and Gpp(NH)p); 
these cannot be broken down by the GTPase 
intrinsic to the alpha subunit and thus provide 
prolonged stimulation of the effector enzyme. The 
drawback with these analogues is that they are 
membrane impermeant and may only be used in 
membranes or permeabilized cells [70]. 

The activity of two bacterial toxins has simplified 
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TABLE II. Examples of different G proteins, their effector enzymes and tissue specific responses. AC = adenylyl cyclase, 
PLC = phospholipase C, Ins(1,4,5)P = inositol (1,4,5) triphosphate, DAG = diacylglycerol, PDE = phosphodiesterase 
(see [44, 49, 64]) 
Agonist G protein Effector /Messenger Tissue /Response 
Glucagon G, AC/Increased cAMP Liver/Release of glucose 
Opiates G; AC/Reduced cAMP CNS/Decreased Ca?* entry 
G, K+/Ca?*t channels Hyperpolarization/Decreased 
neurotransmission 
Acetylcholine Ga PLC/Ins(1,4,5)P; Various/Increased secretion 
(M1/3/5) DAG/Ca** entry Neurotransmission 
Light G, cGMP-PDE Eye/Perception of light 
(transducin) 
i 
Agonist | 
we E 
g eeeplor Wa XI 
id GTP B 
zá: SOE BIE Adenyly! 
GDP cyclase 
B 
ipha subunit 
2i +——— Ag 
GDP 3 BiN foamP | camp 
G protein c 
beta-gamma 


Effector 
(cyclase) 


Fic. 3. Schematic representation of the G protein cycle. From 

top left, clockwise: agonist binding to its receptor promotes GDP 

for GTP exchange (A); G protein dissociation (8) allows the 

alpha~-GTP subunit to activate the effector enzyme (c); an 

intrinsic GTPase converts GTP back to GDP (p) and the cycle is 
complete. 


the classification of G proteins and has given clues 
to the mechanisms of disease. Pertussis toxin inter- 
acts with a class of G,-like G proteins (e.g. G, and 
G,). Cholera toxin interacts with a different class of 
G proteins (e.g. G,). In the case of pertussis toxin, 
this toxin ADP-ribosylates G,(like) G proteins and 
prevents their interaction with the effector enzyme. 
Cholera toxin causes prolonged interaction of the G 
protein with the effector enzyme. For example, in 
diarrhoea associated with cholera, overstimulation of 
cAMP formation in the gut leads to oversecretion of 
water and electrolytes [64]. Recently, G proteins 
have been more accurately identified and classified 
using G protein specific antibodies [49]. 


ADENYLYL CYCLASE-CAMP 


Adenylyl cyclase is the membrane bound enzyme 
that converts intracellular ATP to the second 
messenger cAMP [41-43]. Increased concentrations 
of cAMP activate a specific protein kinase enzyme 
(protein kinase A) and cause the phosphorylation 
events that lead to cellular responsiveness. Examples 
of cAMP coupled receptors are shown in table I. 
The activity of adenylyl cyclase can be regulated by 
receptor input in two ways (fig. 4). First, stimulatory 
receptors (R,), for example CGRP and beta adren- 


a _ 


cAMP-dependent protein phosphorylation 


Y 


Cell response 


Fic. 4. Receptor regulation of adenylyl cyclase and cAMP 
formation. Membrane bound adenylyl cyclase is activated to 
increase cAMP via stimulatory receptors (R,) acting through G, 
(e.g. CGRP) or inhibited via inhibitory receptors (R,) through G, 
(e.g. opioids). Altered concentrations of cAMP alter protein 
phosphorylation and cellular responsiveness. 


ergic receptors, couple via the stimulatory G protein 
(G,) to activate the enzyme and increase the 
intracellular concentration of cAMP. Inhibitory 
receptors (R,), for example opioid and alpha, adren- 
ergic receptors, couple via the inhibitory G protein 
(G,) and reduce cAMP formation. The biological 
signal produced by cAMP is terminated by cellular 
phosphodiesterase activity converting cAMP to 
5’-AMP, There are several ways in which we may 
interfere with the system pharmacologically. The 
intracellular concentration of cAMP can be increased 
artificially using the adenylyl cyclase activator 
forskolin (fig. 5) and cAMP breakdown may be 
inhibited by phosphodiesterase inhibition (e.g. using 
the methylxanthine, IBMX) [41-43]. Indeed, in a 
system where cAMP breakdown is inhibited and 
adenylyl cyclase is activated with forskolin, many 
groups have examined the G, linked inhibition of 
cAMP formation. An example of such a study is 
shown in table III, comparing opioid and alpha, 
receptor mediated cAMP inhibition [38]. As men- 
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Fic. 5. Effect of forskolin on cAMP formation in SH-SY5Y 

human neuroblastoma cells (mean SEM, n = 5). Cells were 

incubated in the presence of the phosphodiesterase inhibitor 

IBMX and forskolin. Forskolin directly activates adenylyl cyclase 

and increases cAMP. In this system G; linked receptors can be 

studied by the degree to which they inhibit forskolin stimulated 
cAMP formation (see table ITI). 


TABLE Ill. Effect of adrenergic and opioid agonists on forskolin 

(10 umol litre} stimulated cAMP formation (mean (SBM)) in un- 

differentiated SH-SY5Y human neuroblastoma cells. (Modified 
from Lambert and Nahorski [38] and unpublished observations) 


% Inhibition of 
forskolin stimulated 


Agent Concentration cAMP formation 
Adrenaline 1 pmol litre? 61.3 (13.8) 
+ pertussis toxin 100 ng ml" 4.6 (0.4) 
Fentanyl 1 pmol litre} 49.8 (5.6) 
Morphine 1 pmol litre? 26.2 (3.5) 


tioned above, cAMP can be increased by the action 
of cholera toxin on G, and the inhibitory action of G, 
linked receptors may be prevented by pertussis toxin 
(table III) [64]. 


INOSITOL POLYPHOSPHATE—[Ca®*], 


Activation of a wide variety of cell surface re- 
ceptors leads to the breakdown of a specific 
membrane phospholipid, phosphatidylinositol 4,5- 
bisphosphate (PIP2) to yield two biologically active 
second messengers, inositol-1,4,5-triphosphate 
(Ins(1,4,5)P,) and diacylglycerol (DAG) [5~7, 14, 
30, 40]. The breakdown of PIP2 is achieved by 
a membrane associated enzyme phospholipase C. 
In common with the cAMP signalling system, the 
receptor is coupled to the effector (phospholipase C) 
by a transducing G protein. This G protein is, in 
many cases, the recently identified G, [62] (fig. 6). 
There is now irrefutable evidence that Ins(1,4,5)P, 
ore [30. 50, 52 











ol angen 22+ from an intrace 








to PIP2 hydrolysis is often complex [36, 37, 40]. For 
example, in SH-SY5Y human neuroblastoma cells, 
stimulation of M3 muscarinic receptors leads to a 
biphasic increase in intracellular Ca** (fig. 7) [36]. 
The peak phase is a result of release of Ca** from an 
intracellular Ins(1,4,5)P, sensitive store and the 
plateau phase is caused by Ca** entry across the 
plasma membrane [36, 39]. 

Measurements of Ins(1,4,5)P, mass concentration 
(fig. 7), show close correlation with the Ca** signal, 
indicating the involvement of this polyphosphate 
in the release of stored Ca’t [35,36]. Indeed, 
in permeabilized SH-SY5Y cells, exogenous 
Ins(1,4,5)P, has been shown to release stored Ca?t 
[71]. It appears that the long lasting increase in 
Ins(1,4,5)P, (fig. 7), is the result of Ca** activation of 
phospholipase C [60], the source of this Ca?+ being 
via influx [40] (see below). Intracellular Ins(1,4,5)P, 
produced by receptor stimulation is handled by the 
cell in two different ways. First, it may be further 
phosphorylated by a 3-kinase enzyme to produce 
inositol 1,3,4,5-tetrakisphosphate (Ins(1,3,4,5)P,) 
and a variety of roles have been ascribed to this 
polyphosphate [30]. The biological signals produced 
by both of these second messengers are terminated 
by a 5-phosphatase enzyme to yield the inactive 
Ins(1,3,4)P, and Ins(1,4)P, from Ins(1,3,4,5)P, and 
Ins(1,4,5)P,, respectively. These polyphosphate 
intermediates are subsequently dephosphorylated to 
inositol which can then be re-incorporated into the 
membrane pool of phosphoinositides and thus 
completes the cycle [60]. 

It is assumed that overactivity of the poly- 
phosphoinositide cycle occurs in manic depressive 
illness and that the anti-manic drug, Li‘, blocks 
inositol monophosphatase, thereby reducing the 
membrane pool of phosphoinositides and interrupt- 
ing the cycle [53]. The cycle can be regulated in 
several subtle ways, the most notable being the Ca** 
sensitivity of the enzyme phospholipase C [60], in 
that Ca** released from intracellular stores or gated 
from the extracellular space may activate phospho- 
lipase C and cause further generation of Ins(1,4,5)P, 
and DAG. DAG is a lipid soluble second messenger 
molecule which remains in the plane of the plasma 
membrane to activate another membrane bound 
enzyme, protein kinase C, and once again this 
enzyme causes protein phosphorylation and cellular 
responsiveness. It is noteworthy that phospho- 
inositides have also been found in the nuclear 
membrane [15]. Their function is unclear but they 
could be involved in intranuclear Ca** homeostasis. 
Therefore, by occupation of a receptor linked to 
phospholipase C, it is evident that a variety of second 
messengers may be generated and, depending on the 
intracellular targets present, a diverse array of cell 
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phosphoinositides, PIP2 =i» 
Protein 
phosphorylation 
Ins(1,4,5)P, -> Ins(1,3,4,5)P, 
| Ca** stores | a 
Repeated dephosphorylation 
Increased intracellular Ca** and 
protein phosphorylation 
Inositol 
Fic. 6. Receptor regulation of phospholipase C activity and Ins(1,4,5)P, generation. Membrane bound phospholipase 
C is activated by G, linked receptors (e.g. muscarinic M1, M3, M5) to increase PIP2 hydrolysis and yield two 
biologically active second messengers; water soluble Ins(1,4,5)P, and lipid soluble diacylglycerol (DAG). The latter 
activates protein kinase C (PKC) and the former releases Ca** from an intracellular store. Ins(1,4,5)P, produced by 
receptor stimulation is either phosphorylated to Ins(1,3,4,5)P, (which may have some biological activity) or 
dephosphorylated to inositol. Increased Ca? and protein kinase C activity cause increased protein phosphorylation 
and alter cellular responsiveness. 
Ca2* release Ca2+ It is also worth noting that other second messenger 
from stores entry systems do exist, for example guanylate cyclase— 
4 cGMP, but space does not permit a full description 
1.00 and the reader is referred to the following articles 
(25; 32]. 
o “n 0.80 AMPLIFICATION 
~ 5 From the preceding sections it is clear that with a 
z E 0.60 multistep signal transduction process, scope exists 
c Q : : ; : i : 
Ta for araplification of an incoming signal. Consider the 
E possibility that one molecule of glucagon binding to 
£ = 0.40 : ; i 
509 its receptor may interact with 10 molecules of G, and 
3 E each molecule of G, may interact with 10 molecules 
© £0.20 of adenylyl cyclase to produce 10 molecules of 
cAMP: the initial signal has been amplified 10° fold. 
0.00 Hence a sensitive response can be mounted to small 
-25 0 25 50 75 100 125 160 levels of stimulation. It is not hard to imagine that a 
ih Time (8) large input could be catastrophic in that intracellular 
Carbachol messengers could build up to concentrations that 


Fic. 7. Carbachol (1 mmol litre!) stimulates Ins(1,4,5)P, pro- 
duction and increases intracellular Ca** in SH-SY5Y human 
neuroblastoma cells. The Ca** signal (measured using the Ca?* 
sensitive dye fura-2) to carbachol (O) is biphasic with the peak a 
result of Ca** release from intracellular stores and the plateau 
phase a result of Ca** entry. The Ins(1,4,5)P, (@) time course is 
also shown. Ins(1,4,5)P, peaks before Ca**, indicating the former 
mediates release of the latter. The increased concentrations of 
Ins(1,4,5)P, at 2min result from Ca** entry stimulating 
phospholipase C (data taken from [35, 36]). 


systems possible, for example Cat release from 
intracellular stores (mediated by Ins(1,4,5)P,) or 
gated from the exterior could potentially acti- 
vate adenylyl cyclase allowing intracellular Cat, 
Ins(1,4,5)P, and cAMP to be regulated by a single 
class of receptor. 


would “swamp” the cell. Fortunately, amplification 
is rarely so large and reduction steps (using the above 
example, not every G protein will find a molecule of 
adenylyl cyclase to activate) must occur. 


INTERACTION OF ANAESTHETIC AGENTS WITH SIGNAL 
TRANSDUCTION 


In agreement with the Meyer—Overton “rule”? that 
anaesthetic potency correlates with lipid solubility 
[48, 56, 63], Franks and Lieb suggested that the site 
of action of anaesthetic agents is likely to be a cellular 
lipid or a cellular component surrounded by lipid. 
The most obvious target appears to be the plasma 
membrane where anaesthetics could potentially: (a) 
increase membrane fluidity, (b) increase membrane 
phase transition, (c) cause changes in the dimensions 
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TABLE IV. Examples of the effects of anaesthetic agents on receptor binding. AR = Adrenoceptor, MR = muscarinic 
receptors. Bmax = Maximum number (density) of binding sites 


Anaesthetic Tissue 
Halothane (1.25%) Rat brain 
slices 
Halothane (3-5 %) Canine 
myocardium 
Halothane (2%) Guineapig 
and nitrous brain 
oxide (100 %) 
Halothane (to 18 mmol litre~*) Rat cortical 
Ketamine (to 2 mmol litre™}) slices 
Ethanol (to 2000 mmol litre) 
Halothane (0.5-5 %)} Rat brain 
membranes 


of the membrane, (d) alter membrane permeability 
or (e) interact with proteins [20,21]. The latter 
possibility appears the most attractive but are 
anaesthetic agents capable of interacting with pro- 
teins directly or indirectly via action at the lipid— 
protein interface? It 1s important to remember that 
the cell has more than one lipid bilayer and the cell 
membrane may not be the only site of action. We 
must also look to the nucleus, mitochondria, en- 
doplasmic reticulum, secretory granules, etc, all of 
which are surrounded by membranes, as possible 
targets. 

There are various steps in the signal transduction 
pathway as possible sites of action (many of which 
are in the lipid environment of the plasma mem- 
brane) of anaesthetic (particularly volatile) agents. 
Membrane ion channels have been deliberately 


excluded as they will be covered by other reviews in | 


this issue. It is possible to identify four target groups 
(see figs 1, 8): (a) binding of agonist to receptor, (b) 
G protein function, (c) effector activity (adenylyl 
cyclase, phospholipase C) and (d) other intracellular 
sites (Ca** stores, cellular kinases). 

There have been several studies detailing the 
effects of anaesthetic agents on ligand-receptor 
binding. However, ail have produced variable and 
what appear to be tissue-specific differences. The 
most widely studied systems are adrenergic, mus- 
carinic and opioid, and the results of these are 
summarized in table IV [1-3, 54, 55]. 

It is worth defining some of the terms used with 
reference to receptor binding. Bmax (receptor den- 
sity) and the affinity of a drug (its K,) may be 
determined directly where a radiolabelled ligand is 
available. This is accomplished by adding increasing 
concentrations in the presence of a fixed number of 
receptors until the specific receptor binding saturates 
(Bmax): Ką is the concentration of ligand that 
produces half maximum binding [58]. The K, of a 
ligand is like a signature for that particular receptor 
and if an anaesthetic agent were to alter the K, of a 
ligand for its receptor, it is likely to be interfering 
with ligand-receptor binding. It is also possible that 
anaesthetic agents could alter Bmax, by either 
increasing (perhaps by up-regulation) or decreasing 
(perhaps by producing desensitization) receptor 
density. Drug affinity may also be calculated using a 


Receptor Effect Ref. 
Alpha, -âR No effect [2] 
Beta-AR, MR 
Beta-AR No effect [3] 
u and x opioid Decrease p +k [55] 

affinity and 
kx Bmax 
Beta-AR No effect [54] 
MR. No effect on [1] 
Bmax. Increased 
affinity 


fixed concentration of radiolabelled ligand and 
increasing concentrations of unlabelled drug, which 
displace the label. The concentration producing half 
maximum displacement is related to affinity [12]. 
Halothane at clinical concentrations has no effect on 
adrenoceptor (alpha or beta) binding to either brain 
or cardiac tissue [2, 3], yet this volatile agent has 
variable effects on muscarinic receptor affinity (table 
IV) [1, 2]. Opioid receptors are of obvious clinical 
importance as opioids are commonly given in 
combination with inhalation anaesthetics. Halothane 
(and nitrous oxide) appear to decrease both u and x 
receptor affinity and also «x receptor Bmax in 
guineapig brain [55]. The consequences of these 
effects are unclear but may be mutually antagonistic! 
Clearly this is an area in need of further investigation. 

Another vital component in the signal trans- 
duction pathway that is intimately associated with 
the plasma membrane is the G protein. Studies on 
the effects of opioids on G,/G, are numerous, but in 
these examples the agonist “‘needs”’ the G protein to 
transduce its signal [13,47]. Unfortunately, for 
volatile anaesthetics the effects are less well known 
and have been addressed by looking at modulation of 
the agonist-receptor-G protein interaction. As de- 
scribed above, the affinity of an unlabelled agonist 
may be determined by displacement of a labelled 
drug: if this experiment is performed in washed 
membranes (no GTP), then two populations of 
receptors exist, those pre-coupled to the G protein 
(high affinity for agonist) and free receptors dow 
affinity for agonists). If GTP is added (see fig. 3), G 
protein activation occurs and the high affinity 
binding moves to low affinity (i.e. G protein pre- 
coupled will dissociate) [64]. 

Thus in an experiment where there is a shift in the 
proportion of high affinity receptors to low affinity 
upon addition of GTP, it would be possible to 
examine any gross effects of volatile anaesthetics on 
G protein function. In two separate studies (both in 
rat brain), halothane was shown to either eliminate 
the high-low affinity shift or to have no effect [1, 2] 
upon carbachol binding to muscarinic receptors. 
Halothane appears to have no effect on alpha and 
beta adrenoceptor G protein interaction [2]. 

Okuda, Miyazaki and Kuriyama adopted a 
different approach to study G proteins. They 
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TABLE V. Effects of halothane on cAMP formation 


Halothane 
Tissue concn 
Rat/cat 1-3 % 
myocardium 
Rat brain (cerebellum, 1% 
brain stem, pituitary 
hypothalamus) 
Rat whole brain 1.5-2% 


Rat cerebrocortical 
slices 


Rar liver homogenates 3-7 % 
Mouse heart r2% 
Rat cerebrocortical 1.25% 


slices 


examined the binding of the non-hydrolysable 
analogue of GTP, [7H]Gpp(NH)p (this is not broken 
down by the intrinsic GTPase and produces long 
lasting stimulation of the effector enzyme). Halo- 
thane and ketamine had no effect on the binding of 
(SH|Gpp(NH)p, but at large concentrations, ethanol 
produced significant inhibition (54). In a curious 
report, examining the interaction of halothane and 
morphine on the guineapig ileum, it was shown 
clearly that the relaxant effects of morphine were 
unaffected by pertussis toxin pretreatment, yet the 
relaxant effect of halothane was reduced markedly 
(half maximum inhibition shift from 2% halothane 
to an extrapolated 9% halothane) [57]. The 
mechanisms underlying this response are unclear, 
but pertussis toxin was administered to the whole 
animal. At the time of writing this review, the author 
is unaware of any reports of anaesthetic interaction 
with the intrinsic GTPase associated with the alpha 
subunit. Clearly inhibition would prolong the ac- 
tivation of the effector component of transduction. 
The effects of halothane on cAMP formation have 
been reported by several authors using a variety of 
experimental paradigms. These vary from measure- 
ments of whole tissue contents after anaesthesia 
[31, 46, 66] to examining the effects on agonist- 
driven responses [2, 4, 23,54] (table V). What is 
clear, and in accord with previous sections, is that no 
consistent effects have been observed. In neuronal 
tissues, halothane increases cAMP concentrations 1n 
vivo [31,46], decreases noradrenaline stimulated 
cAMP formation [54] or is ineffective [2]. In cardiac 
tissue, a general decrease is observed [23, 66], whilst 
in the liver, halothane increases both basal and 
glucagon stimulated cAMP formation [4]. These 
experiments are attempting to mimic (or to examine 
directly) what would happen im vivo. They do not 
address the question, what is the effect of halothane 
on adenylyl cyclase? From the preceding section it is 
clear that halothane may interact with receptor 
binding and may interact with the G protein. Studies 
in a simple preparation where adenylyl cyclase may 
be activated directly, for example with forskolin, 
may shed some light as to the action of halothane 
(and other volatile agents). It may be that the tissue 
differences observed reflect differences in the dis- 


0.9~-18 mmol litre? 


Effect on cAMP 
concn Ref. 
Decrease noradrenaline [23] 
stimulated 
Increase in vivo [31] 
concn 
Increase in vive [46] 
concn 
Decrease noradrenaline [54] 
stimulated 
Increase basai and [4] 
glucagon stimulated 
Decrease whole tissue [66] 
content 
No effect on basal or {2} 


noradrenaline stimulated 


tribution of Ca** sensitive and insensitive forms of 
adenylyl cyclase [17, 24, 33]. Therefore, rather than 
acting directly, halothane may act indirectly by 
increasing intracellular Ca*+ [28] and activating a 
Ca** sensitive adenylyl cyclase. This idea needs 
testing. Halothane has also been shown to decrease 
cerebellar cGMP concentrations and motor activity 
[65]. 

‘Three studies on the effect of halothane on inositol 
polyphosphate formation are of interest [2, 26, 61]. 
All use the Li* block technique to measure total 
inositol (poly)phosphate formation. Membrane 
polyphosphoinositides are labelled with [*H]inositol 
and the tissue incubated in the presence of agonist 
and Lit. Lit blocks the monophosphatase causing 
the build up of inositol monophosphate. Thus in the 
presence of Li*, agonist stimulation is measured 
as an increase in the concentration of [*H]mono- 
phosphate. The major drawback with this technique 
is that the biologically active second messengers, 
Ins(1,4,5)P, and Ins(1,3,4,5)P, are not measured and 
it would be difficult to detect transient changes in 
their concentrations [53]. Studies using the newly 
available mass assays are needed [10, 11]. 

Bazil and Minneman [2] were unable to dem- 
onstrate any effects of halothane (1.25%) on basal, 
noradrenaline, carbachol, histamine or serotonin 
stimulated inositol phosphate formation in rat brain 
cortical slices using a Lit block. In a recent study, 
Sill and colleagues showed that halothane interferred 
with vasopressin stimulated inositol phosphate for- 
mation and subsequent generation of an intracellular 
Ca™ signal in A7r5 cultured vascular smooth muscle 
cells. Halothane, 1 % and 2 %, decreased vasopressin 
stimulated inositol phosphate formation by 46 % and 
61%, respectively. The intracellular Ca** response 
consisted of Ca*+ entry and Ca** release from 
intracellular (presumably Ins(1,4,5)P, sensitive) 
stores. Halothane reduced significantly both com- 
ponents. A decrease in Ca*+ released from intra- 
cellular stores is consistent with a reduction in the 
concentration of Ins(1,4,5)P,, although this poly- 
phosphate was not measured directly [61]. Also, 
using the Li* block technique, Hassessian, Prat and 
Couture demonstrated recently that pentobarbitone 
caused significant inhibition of basal, substance P 
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Fic. 8. Possible targets for the site of action of anaesthetic agents 

(see text). Anaesthetic agents could interact at all steps in the 

signal transduction pathway (*): agonist-receptor, receptor-—G 

protein, G protein-effector coupling, second messenger gener- 

ation or at some other intracellular site. R= receptor, G = G 

protein, PLC = phospholipase C, A.cyc= adenylyl cyclase; 
ER = endoplasmic reticulum Ca?" store. 


stimulated and carbachol stimulated inositol phos- 
phate formation in spinal cord and cerebral cortex 
of the rat [26]. 

Some of the remaining possible targets must lie in 
the cytoplasm, cellular kinases that are activated by 
intracellular second messengers, mitochondria and 
possibly intracellular Ca®* stores [16, 28]. There is 
evidence from the study of malignant hyperthermia 
to suggest an interaction of volatile anaesthetics with 
intracellular Ca** stores [45]. Certainly halothane 
has been shown to release Ca?+ from internal stores 
in normal tissue and to a greater extent in malignant 
hyperthermia [18,19]. What is the nature of this 
interaction? The intracellular Ins(1,4,5)P, sensitive 
store is a membrane bound structure with an 
Ins(1,4,5)P, receptor, which probably acts as a Ca?+ 
channel, located on its surface [22, 52]. The previous 
discussion could equally relate to this structure with 
effects, for example on membrane fluidity, in- 
teraction with protein or the Ins(1,4,5)P, receptor. 

Only with answers to the basic questions high- 
lighted (fig. 8) in this and other reviews may we 
begin to unravel the complexities underlying the 
state of anaesthesia. The clues are there to be 
investigated further, and hopefully over the next few 
years an hypothesis to explain the mechanisms of 
anaesthesia will emerge. 
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EFFECTS OF ANAESTHETICS ON UPTAKE, SYNTHESIS AND 


RELEASE OF TRANSMITTERS 


R. GRIFFITHS AND R. I. NORMAN 


While the molecular basis of the action of most 
anaesthetic agents is unknown, it is a commonly held 
view that general anaesthetic drugs have a more 
pronounced effect on synaptic mechanisms in the 
central nervous system (CNS) than on the propa- 
gation of electrical signals along axons [39]. A more 
contentious issue relates to whether or not an- 
aesthetic agents act generally, producing a range of 
metabolic alterations which together result in an- 
aesthesia or at, as yet, unidentified specific sites in 
neuronal mechanisms [25]. 

Sensory information is passed from cell to cell in 
the CNS by neurotransmitters. These transmitter 
substances are released in the synaptic cleft between 
adjacent cells and, depending on the particular 
synapse, can interact with presynaptic and/or post- 
synaptic receptors. The postsynaptic actions of 
transmitter substances are mediated classically via 
excitatory postsynaptic potentials CEPSP) or in- 
hibitory postsynaptic potentials (IPSP) and the size 
of these can be modulated by the regulation of 
transmitter release from the nerve terminal by the 
interaction of neurotransmitter substances at recep- 
tors in the presynaptic membrane. 

The diversity of different transmitter substances 
and the complex interplay between transmitter 
systems results in a large number of potential sites of 
action of anaesthetic agents (fig. 1). 


EXPERIMENTAL SYSTEMS 


Although there have been a number of in vivo studies 
[4, 9, 55-57, 65], by far the majority of studies on the 
action of anaesthetic agents on transmitter systems 
have been carried out in in vitro preparations. Three 
major experimental paradigms, namely synapto- 
somes, brain slices and cells in culture, have been 
used in im vitro studies (fig. 2). Each of these systems 
has limitations and caution must be exercised in 
extrapolating conclusions from these studies to the 
clinical situation. 

Synaptosomes are pinched off nerve endings that 
are formed when brain tissue is homogenized. The 
synaptosome fraction is separated from particulate 
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material containing mitochondria and other cell 
debris by centrifugation in density gradients of 
either sucrose [27], Ficoll [11] or Percoll [22]. The 
resulting synaptosomes are sealed plasma membrane 
vesicles which contain the secretory machinery and 
mitochondria necessary for transmitter metabolism 
and are a good model for the study of the uptake and 
release of neurotransmitters (fig. 3). The synapto- 
some preparation consists of a mixed population of 
nerve endings containing many different transmitter 
types which permits the study of the metabolism of 
a number of neurotransmitters in a single system. 
The major limitations of the synaptosome prep- 
aration are that there is the potential for non- 
physiological cross-talk between transmitter systems 
and that the influence of supporting cells and other 
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Fig. 3. Electron micrograph of a synaptosome prepared from rat cortex. m = Mitochondria, pm = plasma membrane, 
v = synaptic vesicle. 


neurones has been removed by the process of 
shearing off the nerve endings. For a fuller con- 
sideration of the synaptosome preparation see 
McMahon and Nicholls [40]. 

Brain slice (pyramid) preparations have also been 
used extensively to study neurotransmitter metabo- 
lism. This is a more complex preparation, as some 
functional connections are maintained. Possibly the 
simplest im vitro preparations are neuronal and 
neuronal-like cells in culture, which permit the 
study of intact, isolated cell types. Again, the absence 
of functional tissue organization cannot be ignored 
and the relevance of observations made on non- 


neuronal cells, such as chromaffin cells, and cells 
which may be only partially differentiated must be 
considered. 


NEUROTRANSMITTER CLASSIFICATION 


Neurotransmitter systems have been subdivided 
according to their classification into (1) amino acids, 
(2) other classical transmitters and (3) neuropeptide 
systems [40]. In this review we concentrate on the 
group 1 transmitters, including aspartate, glutamate, 
gamma-aminobutyrate (GABA) and glycine.and the 
group 2 transmitters, including the catecholamines, 
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Fig. 4. Diagrammatic representation of a presynaptic nerve terminal showing the relationship between the 

metabolism of excitatory amino acid neurotransmitters and GABA. A= Aspartate glutamate co-transporter, 

B = aspartate aminotransferase, C = glutaminase, D = glutamic acid dehydrogenase. GAD = Glutamic acid 
decarboxylase. 


dopamine, noradrenaline and adrenaline, 5-hydroxy- 
trytamine (5-HT) and acetylcholine, as little work 
has been directed to the effects of anaesthetic agents 
on group 3 transmitter systems. 


GROUP 1-—-AMINO ACID TRANSMITTERS 


Excitatory transmitters: glutamate and aspartate 


Glutamate and aspartate are both believed to act as 
excitatory neurotransmiutters in the mammalian brain 
[24]. In particular, neurotransmission mediated by 
glutamate has been implicated in learning and 
memory, neurodegenerative disorders, epilepsy and 
the effects of hypoxia, ischaemia and possibly other 
neurological and psychiatric states [16, 20]. 

Biosynthesis of glutamate can occur via two 
pathways, either from the deamination of glutamine 
or from the tricarboxylic acid cycle [33] (fig. 4). It 
would appear that most of the glutamate released 
following depolarizing stimuli is derived originally 
from glutamine [33]. After release into the synapse, 
signal transmission by the excitatory amino acids is 
mediated at the postsynaptic membrane by receptors 
for these neurotransmitters. These are classified into 


three classes, N-methyl-D-aspartate (NMDA), quis- 
qualate and kainate, depending on their pharma- 
cology [69]. The NMDA receptor subclass is of 
particular importance to the anaesthetist as ketamine 
is a non-competitive antagonist at this receptor [72]. 
Postsynaptic events are terminated largely by the 
uptake of glutamate and aspartate into neighbouring 
glial cells. In view of their wide distribution and 
suggested roles in the CNS, the excitatory amino acid 
transmitter systems constitute an important potential 
target for anaesthetic action. 

Release. In early studies of brain slices, barbiturates 
were shown to decrease the release of aspartate from 
electrically stimulated rat lateral olfactory tract slices 
in a dose-dependent manner [19]. Similarly, de- 
pression of potassium-stimulated aspartate release 
has been observed also in rat brain slices in the 
presence of pentobarbitone, methohexitone and 
thiopentone [5, 52, 68]. However, a biphasic pat- 
tern of release was observed in a rat thalamic slice 
preparation in which small concentrations of thio- 
pentone (10° mol litre!) and methohexitone 
(1075 mol litre~') enhanced release and greater doses 
decreased release of D-aspartate and GABA [37]. 
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The greater concentration of thiopentone was within 
the clinical range but that of methohexitone was 
greater than clinical concentrations. The mechanism 
of the biphasic response in excitatory amino acid 
release in response to barbiturates remains un- 
resolved, but may involve indirect effects on GABA 
transmission [37]. Depolarization-induced calcium 
uptake in the nerve terminal, which triggers trans- 
mitter release, has been shown to be inhibited by 
thiopentone and pentobarbitone [10]. Hence, alter- 
ation in calcium handling by the nerve terminal may 
provide an explanation for the action of barbiturates 
on excitatory amino acid transmission. 

‘The steroid anaesthetic hydroxydione is the only 
other agent which has been shown to inhibit 
potassium-stimulated aspartate efflux [52]. Other 
anaesthetic agents, including Althesin (a combi- 
nation of alphaxalone and alphadolone), ketamine, 
urethane and halothane have been reported to have 
no effect or to enhance the release of aspartate from 
rat brain slice preparations [5, 37,52]. At clinical 
doses, 1-2 % halothane had no significant effect on 
the efflux of [*H]aspartate from rat brain slices [5], 
although increased aspartate efflux has been observed 
at larger concentrations of halothane (4-8 %) which 
are considerably greater than the clinical dose range. 
In contrast, a recent study investigating glutamate 
release from mice synaptosomes [32] demonstrated 
an increase in release when the preparation was 
exposed to clinical concentrations of halothane and 
enflurane; the increase in release being greater for 
enflurane than for halothane at equivalent concen- 
trations. Interestingly, the excitatory amino acids are 
implicated in the pathogenesis of some forms of 
epilepsy [20]: it is possible that the enhanced release 
of glutamate in the presence of enflurane could 
contribute to the electroencephalographic abnor- 
malities seen with this agent [67]. 

In vivo measurements of excitatory amino acid 
release, by monitoring brain concentrations of 
ascorbate voltammetrically, have shown that an- 
aesthesia with chloral hydrate reduces the release of 
excitatory nmeurotransmitters and that transmitter 
release recovers as the animal recovers [56]. These 
observations provide im vivo evidence for the in- 
terruption of excitatory neurotransmitter release 
by an anaesthetic agent during the process of 
anaesthesia. 

From the limited evidence available, it is possible 
that some anaesthetics may act on synaptic trans- 
mission mediated by the excitatory amino acids 
[19, 32, 42, 52, 56, 60]. Perhaps as important, other 
agents would appear not to be implicated [5, 52]. 
Together, these results suggest a possible selectivity 
of action of some anaesthetic agents for the excitatory 
amino acid release mechanism. The absence of a 
“general” effect on these transmitter mechanisms is 
also observed for the volatile agents, as while 
halothane, and particularly enflurane, increased 
transmitter release, diethyl ether had no effect in the 
same study [32], suggesting selectivity of action of 
anaesthetic agents on the excitatory transmitter 
systems. 

Recently, a new compound riluzole (54274 RP), 
has been found to have possible anaesthetic actions 


and pharmacologically this compound appears to 
exert its effects by interrupting glutamate neuro- 
transmission [15]. Riluzole has been shown to reduce 
the presynaptic release of glutamate [15] and also to 
affect some postsynaptic properties [62]. In one 
study, riluzole induced loss of righting reflex in rats 
and in smaller doses it also reduced the MAC of 
halothane [42]. The inability of riluzole to bind at 
glutamate receptors [70] suggests that the hypnotic 
state induced by this agent is different from that 
produced by ketamine, which is known to be an 
NMDA receptor antagonist [72]. Interestingly, 
riluzole protects against glutamate-induced neural 
injury following ischaemia [41] and this may also 
provide a further possible use for this novel com- 
pound in neurosurgical intensive care. Further 
investigation of the anaesthetic mechanisms, possibly 
mediated by altered excitatory amino acid trans- 
mission, is certain to follow the initial observations 
on riluzole action. 

Uptake. When glutamate is released from nerve 
endings, its actions are terminated by uptake into the 
surrounding glial cells and neurones. In addition, 
glutamate uptake occurs in the nerve terminal where 
it is recycled to glutamine [33]. This carrier also 
transports aspartate into the nerve terminal. 

Uptake of aspartate was not affected by thio- 
pentone, methohexitone, ketamine or urethane in a 
rat brain slice preparation [52]. Similar findings were 
found in rat thalamic slices using anaesthetic doses of 
thiopentone, methohexitone, urethane and ketamine 
[37]. Pentobarbitone, in the same study, did reduce 
slightly the uptake of aspartate but the authors 
concluded that this effect was unlikely to contribute 
to the mechanism of action of the barbiturates. 

At present, there is little evidence to link the 
excitatory amino acid neurotransmitters to anaes- 
thetic mechanisms, despite their possible relevance 
to consciousness. More work in this area is required 
to clarify the significance of the anaesthetic effects 
reported to date [5, 32, 42]. 


Inhibitory transmitters: GABA and glycine 


GABA. GABA is formed from the irreversible 
decarboxylation of glutamate, catalysed by the 
enzyme glutamic acid decarboxylase (GAD) (fig. 4). 
After release into the synapse, GABA transmission is 
terminated by uptake of the transmitter by sur- 
rounding glial cells and nerve terminals and this 
process, similar to that for glutamate, limits the 
activity of GABA in the synapse. 

GABA is the major inhibitory neurotransmitter in 
the central nervous system [33]. By acting on both 
pre- and postsynaptic receptors, it causes an increase 
in chloride ion conductance which results in hyper- 
polarization of the nerve membrane. ‘The barbiturate 
and steroid anaesthetic agents increase this GABA- 
stimulated chloride conductance, resulting in en- 
hanced hyperpolarization [64], whereas the volatile 
anaesthetics have a weaker effect on the GABA 
receptor—Cl- channel complex [54]. 

Catabolism of GABA. In a study using rat brain 
slices, it was found that 3% halothane had no effect 
on either the uptake or release of GABA [14]. 
However, the catabolism of GABA in the preparation 
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was reduced. This could lead to increased concen- 
trations of GABA in the synapse. Similar effects of 
halothane on GABA catabolism have also been 
observed in synaptosomes prepared from rat brain 
[13]. In addition, clinical concentrations (1 MAC) of 
chloroform, enflurane and diethyl ether significantly 
affect GABA catabolism [13]. Of the barbiturates 
studied, only thiopentone inhibited GABA catab- 
olism at clinical concentrations: pentobarbitone and 
phenobarbitone had effects only at very large doses 
[13]. The different actions that have been described, 
namely reduction in GABA catabolism by the 
volatile anaesthetic agents and interaction with the 
GABA receptor—Cl- channel by the barbiturates, 
illustrate the possibility that different classes of 
anaesthetic agents may achieve the same physio- 
logical effect via different pharmacological 
mechanisms. 

GABA uptake. No effect was found on the uptake 
of GABA into rat brain slices in the presence of 
thiopentone, methohexitone, Althesin, ketamine, 
halothane or urethane [52]. Similarly, pento- 
barbitone had no effect in rabbit hippocampal slices 
[34], or thiopentone, methohexitone, urethane and 
ketamine in rat thalamic slices [37]. It would appear 
that the uptake process does not play a significant 
role in the anaesthetic action of these compounds. 

GABA release. Potassium-stimulated GABA re- 
lease from rat brain slices has been shown to be 
reduced by the i.v. barbiturates, hydroxydione and 
pentobarbitone [52]. However, in the rat olfactory 
cortex preparation, there appeared to be an increase 
in the release of GABA in the presence of pento- 
barbitone [19]. In a third study, a biphasic response 
was observed in the rat thalamus slice preparation, in 
which small concentrations of thiopentone and 
methohexitone produced enhanced release, and 
larger concentrations reduced release [37]. The 
contrasting effects of barbiturates on GABA release 
from different brain regions probably reflect the 
complexity of action of these agents such that it is the 
balance of the effect on excitatory and inhibitory 
transmission that results in net excitatory or in- 
hibitory synaptic events. Results obtained from slice 
preparations may be complicated by secondary 
cellular cross-talk, and the synaptosome preparation 
may be more useful for distinguishing primary 
effects at the level of the GABA releasing terminal. 

The conflicting results concerning the effects of 
anaesthetic agents on the release of GABA from 
different areas of the brain im vitro [19, 37, 52, 68], 
necessitate caution in the extrapolation of observa- 
tions to the whole animal. In one study, the effect of 
halothane on the concentration of GABA release in 
an im vivo preparation was investigated [57]. A 
microdialysis technique was used in which catheters 
were placed into the extracellular fluid CECF) 
surrounding the brain and the concentrations of 
neurotransmitters measured. A reduction in GABA 
content of the ECF was observed in the animals 
anaesthetized with halothane. Although it was not 
possible to tell if this reduction was a result of a 
decrease in release or an increase in uptake, this 
technique did indicate alteration in transmitter 
homeostasis in the intact animal. 


BRITISH JOURNAL OF ANAESTHESIA 


In summary, the evidence points to a number of 
potential sites of action of anaesthetic agents on the 
GABA transmitter system, but as in other trans- 
mitter systems, further work is required. 

Glycine. Glycine is the major inhibitory neuro- 
transmitter in the spinal cord and medulla and 1s also 
implicated widely in other brain regions. This 
transmitter acts on a receptor-operated chloride 
channel complex, similar to the GABA receptor—Cl- 
complex [38]. The effects of anaesthetics on glycine 
transmission have not been studied extensively, but 
one study on rat brain slices has indicated that 
pentobarbitone has no effect on the potassium- 
stimulated release of glycine [68]. Further study is 
necessary to investigate the possible role of glycine 
transmission in anaesthetic mechanisms. 


GROUP 2-——-CATECHOLAMINES, ACETYLCHOLINE 
AND 5-HT 


Noradrenaline and adrenaline 


The characteristics of release of noradrenaline 
from peripheral nervous tissue have been docu- 
mented widely, owing to the availability of the 
chromaffin cell preparation derived from bovine 
adrenal medullary glands. This cultured cell prep- 
aration has been used as a model to investigate the 
action of anaesthetics on the process of neuro- 
secretion [1, 53, 58,59]. While contributing to the 
understanding of anaesthetic mechanisms and, in 
particular, to their effect on stimulus~secretion 
coupling, it should be remembered that this is only 
a model of the mechanisms in the CNS. 

The barbiturates, at clinical concentrations, have 
been shown to reduce both the potassium- and 
carbachol-stimulated release of noradrenaline from 
chromaffin cell preparations [58], and from 
potassium-stimulated synaptosomes [31]. When the 
volatile anaesthetic agents halothane (fig. 5), en- 
flurane, methoxyflurane and isoflurane were studied, 
a similar reduction in adrenaline and noradrenaline 
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Fic. 5. Dose-response relationship for the effect of halothane on 

catecholamine (CA) secretion from bovine chromaffin cells. F] = 

Basal secretion; O = after stimulation with carbachol 

500 pmol litre; @=after stimulation with potassium 
77 mmol litre“! (reproduced with permission from [59]). 


ANAESTHETICS AND TRANSMITTER UPTAKE, SYNTHESIS AND RELEASE 101 


40 


w& 
oS 


[SHINA release (%) 
M3 
Caan 


— 
© 





Hal. C Hal. 
No Ca?+ 


Fic. 6. [PH]Noradrenaline (NA) release from rat slice preparation 
in the absence (C) and presence of 1.25% halothane (Hal.). 
Release stimulated with buffer containing potassium 
28 mmol litre™!, Diagram also demonstrates the smaller release in 
a calcium free buffer. O = Control] release; W = potassium- 
stimulated release. Each point is the mean (SEM) of at least three 
experiments (reproduced with permission from [8]). 


release was seen when carbachol stimulation was 
used. However, in contrast to the barbiturates, much 
larger doses of the volatile anaesthetic agents were 
needed to inhibit the release after potassium- 
stimulation. Again, evidence from this experimental 
system indicates possible selectivity for different 
classes of anaesthetic agents. However, this apparent 
selectivity could simply reflect the ability of different 
anaesthetic agents to reduce calcium concentrations 
in cells [58, 59} (see below). In contrast to observa- 
tions on chromaffin cells, reduced potassium-evoked 
release of noradrenaline has been observed in rat 
brain slice preparations in the presence of volatile 
anaesthetic agents at clinical doses (fig. 6) [7, 8]. 
When applied at equipotent concentrations for 
producing loss of righting reflex in rats, halothane, 
enflurane and methoxyflurane were found to reduce 
potassium-stimulated noradrenaline release by 30% 
[7]. 

It has been suggested that anaesthetic agents may 
increase the ionic permeability of synaptic vesicles 
and thereby lead to a decrease in the proton gradients 
that are essential for synaptic vesicles to accumulate 
transmitters [6]. This “pump leak” hypothesis has 
been investigated for noradrenaline in the chromaffin 
cell system. Halothane, diethyl ether, butanol and 
ethanol were found to cause only a small insignificant 
loss of noradrenaline from chromaffin granules [1], 
inconsistent with the pump leak hypothesis. By 
inference, it appears unlikely that depletion of 
noradrenaline or other neurotransmitters from se- 
cretory vesicles could lead to loss of efficiency of 
synaptic transmission and subsequent anaesthetic 
state. However, taken together, in vitro observations 
for noradrenaline and adrenaline release suggest 
susceptibility of stimulated release mechanisms to 
modification by anaesthetic agents. 

Complimentary studies have been performed in 
vivo. By manipulation of central noradrenaline 
concentrations, it has been shown that the MAC of 
halothane increases with increasing concentrations 
and decreases with decreasing concentrations, sug- 


gesting that reduced noradrenaline transmission may 
be an important contributory factor to the induction 
of the anaesthetic state [50]. Thus observations from 
both im vitro and tn vivo investigations indicate that 
central noradrenaline metabolism is worthy of 
further study in unravelling the actions of anaesthetic 
drugs. 


Dopamine 

Dopamine has a better understood and more 
localized central action than noradrenaline. As a 
result, Parkinson’s disease and schizophrenia may 
both be treated using drugs that manipulate central 
dopamine metabolism. It is noteworthy that amphet- 
amine, which leads to a state of arousal, stimulates 
dopamine release centrally. By inference, therefore, 
the dopaminergic system is a potential target for 
anaesthetic action. 

Concentrations of dopamine in the CNS can be 
manipulated by either increasing concentrations of 
the dopamine precursor, L-dihydroxyphenylalanine 
(L-Dopa), to increase concentrations, or by 
depleting dopamine using 1-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP), which is an 
analogue of pethidine that selectively kills central 
dopaminergic neurones by inhibiting respiratory 
chain enzymes via a metabolic product. When mice 
were subjected to these two treatments, L-Dopa 
decreased the MAC of halothane and MPTP 
treatment increased the MAC of halothane [65]. 
Furthermore, when the concentrations of dopamine 
of MPTP-treated mice were repleted with L-Dopa, 
the MAC of halothane was restored to control levels. 

In a second complex study, using an in vivo 
microdialysis technique, the effect of halothane 
anaesthesia on dopamine secretion was investigated 
[57]. Halothane was found to increase basal concen- 
trations of dopamine when rats were anaesthetized. 
Results from both these studies conflict with expecta- 
tions arising from the effects of amphetamine on 
dopamine metabolism. Jn vivo and in vitro studies 
are urgently required to characterize the effects 
of anaesthetic agents on dopamine metabolism in 
more detail. In view of the number of patients with 
alteration in central dopamine pharmacology, an 
enhanced understanding of anaesthetic mechanisms 
in the dopaminergic system is likely to have im- 
portant clinical implications. 


5-HT 

A precise functional role for 5-HT has yet to be 
fully established. However, 5-HT has been impli- 
cated as an important transmitter in the feeding, 
sleep, mood, behaviour and cardiovascular control 
pathways [3]. 

5-HT is synthesized from the amino acid L- 
tryptophan in a two-step pathway. The first, a rate 
limiting step, involves conversion of L-tryptophan 
to 5-hydroxytryptophan by the enzyme tryptophan 
hydroxylase. This is followed by decarboxylation of 
5-hydroxytryptophan to 5-HT, catalysed by L- 
aromatic acid decarboxylase. L-tryptophan is trans- 
ported actively into the nerve terminal and this may 
be a further limiting factor in the synthesis of 5-HT. 
After stimulated release into the synapse, the 
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postsynaptic response is terminated by removal of 5- 
HT from the cleft by a high-affinity active transport 
mechanism. 

To date, only two aspects of 5-HT metabolism 
have been investigated in the presence of anaesthetic 
agents, 5-HT uptake and release. There have been 
no studies on the effects of anaesthetic agents on the 
uptake of L-tryptophan, or on the rate limiting 
enzyme tryptophan hydroxylase, which may rep- 
resent important control points in this transmitter 
system. 

5~HT uptake. In a series of experiments using the 
rat synaptosome preparation, ketamine, enflurane, 
halothane and isoflurane [43—45, 47] inhibited the 
uptake of 5-HT into the synaptosomal fraction. It is 
possible that inhibition of uptake may increase the 
effect of the transmitter at its postsynaptic receptor 
site as the synaptic activity of 5-HT is terminated by 
an active re-uptake mechanism. 5-HT is believed to 
exert its influence on analgesic mechanisms by 
activating inhibitory mechanisms in the dorsal horn 
of the spinal cord, hence a decrease in re-uptake may 
contribute to the anaesthetic effects of these drugs. 
In contrast, during the same series of experiments, 
pentobarbitone and etomidate were found to have 
little effect on the activity of the 5-HT uptake 
process, again suggesting selectivity for anaesthetic 
agents on different neuronal activities. 

To further investigate the selectivity of action of 
anaesthetic agents on the 5-HT uptake mechanism, 
competition binding studies have been carried out 
using [*H]paroxitene, which binds competitively to 
the substrate recognition site of the 5-HT trans- 
porter [46]. Ketamine caused a concentration- 
dependent inhibition of specific [*H]paroxetine 
binding, whereas halothane had no effect. Inter- 
estingly, ketamine and halothane were found to 
induce a similar level of inhibition of 5-HT uptake at 
clinically relevant concentrations of anaesthetic 
agents. Thus while ketamine may cause inhibition of 
5-HT uptake by direct interaction with the active 
site of the transport protein, inhibition of uptake by 
halothane must be mediated, at the very least, by a 
distinct site on the transporter protein or possibly by 
mechanisms located elsewhere in the membrane. 

Ethanol in sufficient quantities causes general 
anaesthesia in humans [2]. When an equivalent dose 
of ethanol was applied in vitro to a synaptosome 
preparation, the uptake of 5-HT was stimulated [2], 
in contrast to other anaesthetic agents studied above 
[43-47]. These contrasting effects on the 5-HT 
transmitter uptake mechanism do not offer a simple 
explanation for the possible role of this process in 
anaesthesia. 

5-HT release. To date, only the effect of pento- 
barbitone on 5-HT release from rat midbrain slices 

e í e A = yO $ 


M : Ma T ST ad ahrakl-Ya L) rey) er 4 g A = 






BRITISH JOURNAL OF ANAESTHESIA 






Synthesis 


Uptake Release 


Choline + Acetyl 
CoA 


Choline ACh 


Fic. 7. Diagrammatic representation of acetylcholine (ACh) 
metabolism in presynaptic nerve terminals. ChAT = Choline 
acetyltransferase. 


duction in the release of 5-HT, which was not 
present in the halothane anaesthetized group. 
Further experiments suggested that the reduction in 
5-HT release observed after application of acetyl- 
choline may be a result of stimulation of GABA 
interneurones. This work suggests that 5-HT 
concentrations could vary in response to anaesthetic 
agents, because of indirect effects on other trans- 
mitter systems, and demonstrates the complex 
interconnections between neurotransmitter systems 
that are seen in whole animal preparations which 
cannot be studied easily in in vitro systems. 


Acetylcholine 


Acetylcholine is well established as an excitatory 
neurotransmitter. A number of im vivo observations 
have suggested that cholinergic transmission may be 
a target for anaesthetic action. In a classical study on 
acetylcholine transmission, the release of acetyl- 
choline from the surface of the rabbit brain was 
shown to decrease during barbiturate anaesthesia 
and increase after a period of feeding and walking, 
indicating a role for acetylcholine in the maintenance 
of consciousness [18]. Clinical anaesthetists will be 
aware also of the prolonged sedative effects that 
anticholinergic drugs produce, particularly in the 
elderly population [66]. In a recent study, central 
cholinergic activity was shown to oppose ketamine 
anaesthesia [51] and this effect on ketamine an- 
aesthesia was antagonized when the anticholinergic 
drug l-hyoscyamine, was given as premedication. 
These lines of evidence emphasize the important role 


ANAESTHETICS AND TRANSMITTER UPTAKE, SYNTHESIS AND RELEASE 103 


100 


ACh inhibition (%) 
= S 


M 
© 


1x10 1x 10° 


Pentobarbitone (mol litre’) 


1 x 1072 


Fic. 8. Effect of pentobarbitone on potassium-stimulated acetyl- 
choline (ACh) release from rat midbrain slices. Values are mean 
(SEM) of 3-4 determinations (reproduced with permission from 


[61}). 





40 
30 
© 
u} 
© 
2 
© 20 
< 
© 
< 
zE 
2, 10 
0 
C Hal. C Hal. 
No Ca% 


Fic. 9. [PH]Acetylcholine release from rat slice preparation in the 

absence (C) and presence of 1.25% halothane (Hal.). Release 

stimulated with potassium 16 mmol litre}. Figure also shows 

smaller release in a calcium free buffer. [] = Control release; 

E = Stimulated release. Each point is the mean (SEM) of 1-4 

experiments, each in triplicate or quadruplicate (reproduced with 
permission from [8}). 


probably the uptake of choline into the nerve 
terminal, making this stage a candidate for the action 
of anaesthetic agents [36]. 

Acetylcholine metabolism. The effect of halothane 
on the uptake of [*H]methylcholine has been investi- 
gated in rat brain synaptosomes [28, 35]. A 40% 
reduction in the uptake of the precursor was 
demonstrated at halothane concentrations of 
2.4 MAC. A similar reduction was seen also when 
enflurane and isoflurane were studied. Whether the 
action of the volatile anaesthetics on precursor 
uptake is competitive [35] or non-competitive [28] 
has yet to be resolved. As choline uptake is rate 
limiting [36] for the biosynthesis of acetylcholine, 
the inhibition of precursor uptake mediated by the 
volatile anaesthetics may contribute to the state of 
anaesthesia. 

Turnover of acetylcholine în vivo in rat brain 
regions has been measured under halothane, en- 


flurane and ketamine anaesthesia [55]. The concen- 
trations of acetylcholine and choline in various brain 
regions did not alter during anaesthesia with any 
agent. However, halothane decreased the turnover 
rate for acetylcholine by 10% at 0.7-1.0% inspired 
concentrations in both cortical and subcortical 
structures. Interestingly, enflurane did not show any 
decrease in acetylcholine turnover in subcortical 
structures and it is possible that this may be 
associated with the seizure-like activity that develops 
under enflurane anaesthesia [53]. Unlike halothane 
and isoflurane which had no effect at 2.4 MAC, 
enflurane has been shown to alter ChAT activity 
in rat brain synaptosomes [29] by reducing the 
Michaelis constant (Ka) of the enzyme for choline. 
In vivo, such an effect could potentiate the synthetic 
pathway for acetylcholine and contribute to the 
central effects on the electroencephalogram [53] and 
to the seizure activity that may develop with large 
inspired concentrations of enflurane. This may also 
explain the maintenance of acetylcholine concen- 
trations in subcortical structures under enflurane 
anaesthesia in the in vivo study described above [55]. 

Acetylcholine release. Few studies of the effects of 
anaesthetic agents on release of acetylcholine have 
been performed. In rat slice preparations, potassium- 
stimulated acetylcholine release has been shown to 
be decreased in the presence of pentobarbitone (fig. 
8) [60, 61, 68] and methohexitone [61]. Similarly, 
halothane, at a concentration of 2.5 MAC, has been 
shown to reduce potassium-stimulated release of 
acetylcholine by approximately 50%, from a rat 
brain synaptosome preparation [35]. A reduction in 
acetylcholine release has also been demonstrated 
with 1 and 2% halothane in the cat superior cervical 
ganglion preparation [12]. However, conflicting 
results have been obtained in other studies. Halo- 
thane, methoxyflurane and enflurane, at concen- 
trations of 1.25%,0.2% and 3%, respectively, were 
reported to have no effect on acetylcholine release 
from a rat brain slice preparation (fig. 9) [7, 8] and in 
an isolated cat superior cervical ganglion prep- 
aration, chloral hydrate was found to either decrease 
potassium-stimulated release [61] or to have no 
effect [48]. 

In the above studies, total acetylcholine release 
was measured in synaptosomes [35], while release of 
[*7H]acetylcholine was monitored in the brain slice 
studies [7, 8]. Differential labelling of intracellular 
pools of acetylcholine in the nerve terminal [71] 
could underlie some of the differences in the 
observations [7, 8, 35]. In addition, rat brain slices 
are known to be more sensitive to potassium 
depolarization than synaptosomes [63] and this could 
also account for differences in actions of anaesthetics 
between the preparations. Comparisons between 
these studies may be further complicated by the 
different doses of anaesthetic agents applied in the 
various studies [8, 35]. 


OTHER TRANSMITTERS 


A number of other transmitter systems, in particular 
those classified as group 3, including neuropeptides 
such as substance P, the opioids and thyrotrophin 
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releasing hormone (TRH), have received little or no 
attention with respect to the effects of anaesthetics. 
At present, 40 neuroactive peptides have been 
identified, but not all satisfy the criteria for neuro- 
transmitters [38]. Therefore there remains a large 
amount of work before questions regarding sel- 
ectivity of anaesthetic action can be answered fully. 


THE ROLE OF CALCIUM IN NEUROTRANSMITTER 
RELEASE: EFFECT OF ANAESTHETIC DRUGS 


Influx of extracellular calcium is essential for the 
coupling of electrical excitation to neurotransmitter 
release [17]. Two phases of depolarization-induced 
calcium entry into the nerve terminal have been 
characterized, a rapid phase and a slower plateau 
phase [40]. The release of different neurotransmitters 
may rely on different phases of the calcium current 
[40]. As calcium is crucial to neurotransmitter 
release, this aspect of stimulus—secretion coupling 
may be a potential site of action of anaesthetic agents 
and may present a mechanism by which some 
selectivity of anaesthetic action may occur. 
Depolarization-induced calcium uptake into 
synaptosomes has been shown to be reduced in the 
presence of a wide range of anaesthetic agents 
[10, 21,30]. Furthermore, in bovine chromaffin 
cells, anaesthetic-induced reduction in calcium 
influx has been linked to a decrease in evoked 
noradrenaline release in the presence of pento- 
barbitone, halothane (fig. 10), isoflurane, enflurane 
and methoxyflurane [58, 59,73]. When nor- 
adrenaline release from chromaffin cells was stimu- 
lated with carbachol or potassium, carbachol-evoked 
release appeared to be more susceptible to the action 
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Fic. 10. Effects of halothane on secretion of catecholamines (O) 
and influx of Ca (@) evoked by carbachol in cultured bovine 
adrenal medulla cells. Values are mean (sEm) from 10 separate 
experiments, expressed as a percentage of carbachol-evoked 
responses in the absence of halothone. * P < 0.05, ** P < 0.01 
(reproduced with permission from [73]). 
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of clinical doses of volatile anaesthetic agents than 
potassium-evoked release. Inhibition of potassium- 
stimulated release was affected only at supraclinical 
doses of anaesthetic agents. These results are most 
likely to be explained by the concentration of calcium 
in the cell achieved after the two stimulation 
procedures. When stimulated with potassium, the 
influx of calcium was much greater than when 
stimulation was with carbachol, thus halothane- 
induced reduction in intracellular calcium concen- 
trations to threshold concentrations for transmitter 
release was more easily achieved under carbachol 
stimulation. These results are consistent with an 
important role for calcium homeostasis in anaes- 
thetic-induced modulation of neurotransmitter 
release. 

The possibility that reductions in calcium influx in 
the presence of anaesthetic agents may be linked to 
the membrane disordering properties of these drugs 
has been investigated further [21,30]. No simple 
relationship between the ability of anaesthetic agents 
to reduce calcium influx and disorder membrane 
structure was shown. A stronger correlation was 
found between the effect on sodium influx and 
membrane perturbation [30]. 


DIRECT VERSUS INDIRECT ACTIONS OF ANAESTHETIC 
AGENTS ON PRESYNAPTIC TRANSMITTER MECHANISMS 


So far in this discussion, consideration of anaesthetic 
effects at the level of the presynapse has focused on 
specific aspects of synaptic transmission mediated by 
a variety of transmitter agents. A variety of effects 
have been reported, some of which may be com- 
patible with the onset of anaesthesia. An important 
question that remains is how the anaesthetic agents 
exert their effects on such a range of biochemical 
systems. 

From a pharmacological perspective, most general 
anaesthetic agents would appear to be essentially 
non-specific in their actions at the level of transmitter 
metabolism and release. However, as can be seen 
from the above discussion, not all anaesthetics 
produce the same response in the assay systems 
exploited, indicating some degree of selectivity of 
action (see tables I and IT). Indeed, it is possible that 
certain anaesthetic agents are found to exert their 
primary effects in a specific manner at the level of 
discrete proteinaceous acceptors, for example 
ketamine acts at the NMDA receptor [51] and at the 
active site of the 5-HT transporter [46], the barbit- 
urates act at the GABA receptor—~Cl- complex [65] 
and isoflurane produces stereoselective activation of 
a potassium channel subtype [26]. However, when 
agents such as the volatile anaesthetic agents are 
considered, a wide spectrum of effects in different 
transmitter systems is observed, involving not only 
presynaptic but also postsynaptic events. In these 
cases, anaesthetic effects may reflect the suscep- 
tibility of discrete cellular functions to non-specific, 
anaesthetic-mediated changes in the local environ- 
ment rather than specific interactions with pro- 
teinaceous acceptors. Hence, anaesthesia may be the 
net result of a combination of a large number of non- 
specific toxicological effects on CNS function that 
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TABLE I. Effect of volatile anaesthetic agents on neurotransmitter release. + = Increased, | = decreased, > = no change in 
transmitter release 


Excitatory 
Volatile agent amino acids Acetylcholine Noradrenaline Dopamine 
Halothane [5], [32]t [7], [8], [35], (12]) [1], [7], [8]; [59]} [57] t 
Enflurane [32]+ [7]> [7], [8], [59]} 
Isofturane [59]} 
Methoxyflurane [7], [8], [59]} 
Diethyl ether [32]-> UN 


TABLE II. Hffect of i.v. anaesthetic agents on neurotransmitter release. + = Increased, | = decreased, > = no change in 
transmitter release 


Excitatory 
Drug amino acids GABA Acetylcholine Noradrenaline 
Pentobarbitone [19], [52], [58], [68]) [19]f, [52] [68]) [60], [61], [68]} [31], [58], [68]} 
Thiopentone [37H +t 52H 
Methohexitone [37], +4, (521) [61] 
Althesin [37], [52] 
Hydroxydione [5214 


any particular agent exerts. If so, the “physiological 
mechanism” of anaesthesia may well be different for 
each agent. 

At the present time, there have been insufficient 
studies to allow any definitive statements to be made 
concerning the relevance of the action of anaesthetic 
agents on presynaptic transmitter release mechan- 
isms to the overall mechanisms of general anaesthesia 
(see tables I and IJ). In many cases, our knowledge 
of the effects of anaesthetic agents on discrete 
presynaptic activities depends on one or two studies. 
Often these have been carried out on more than one 
experimental system and under different exper- 
imental conditions, such that a true comparison of 
results is not possible. More systematic studies of the 
actions of general anaesthetic agents on individual 
presynaptic activities in defined experimental 
systems and under comparable conditions are ur- 
gently required. Furthermore, these should include 
both im vitro and in vivo studies to allow primary and 
secondary effects of anaesthetic agents to be dis- 
sected. While in vitro studies may allow effects on 
specific functions to be studied more easily, the 
importance of im vivo studies must be stressed to 
permit the discrimination of statistically significant 
changes measured in vitro which have no physio- 
logical relevance in vivo. Since a universal action of 
general anaesthetic agents cannot be ruled out, one 
aim of these studies should be to identify central 
activities that are universally altered by general 
anaesthetic agents in a manner consistent with the 
induction of the anaesthetic state. The likelihood is, 
however, that physiological mechanisms of anaes- 
thesia will prove to be much more complex. 

The feature that unifies all general anaesthetic 
agents is their relatively high hydrophobicity. 
Indeed, lipid solubility is the only property of all 
anaesthetic agents that appears to correlate with 
anaesthetic potency [49]. Hence, anaesthesia may 
depend solely on the ability of any agent to disrupt 
local hydrophobic environments such that central 
mechanisms in the control of consciousness become 


disrupted. Selectivity of agents may, therefore, be 
related to their ability to penetrate hydrophobic 
domains of different central functional structures 
[23]. It is likely that many of the effects of anaesthetic 
drugs will be mediated via their disordering effects in 
the lipid bilayer of the cell membrane [49]. Where 
anaesthetic effects on membrane functions are 
shown, it will be important to investigate the possible 
relationship of these changes with alterations in the 
membrane environment. 

When individual central activities are considered, 
the anaesthetic agents appear not to act in concert 
but to exert some selectivity. For example, the 
barbiturates exert different effects on excitatory 
amino acid transmitter release than the volatile 
anaesthetics [5, 19, 32, 37,52]. Further study of 
presynaptic transmitter systems may allow agents to 
be grouped functionally which, in turn, may simplify 
the investigation of their mechanisms. 
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ALPHA, ADRENOCEPTOR AGONISTS AND ANAESTHESIA 


Y. HAYASHI AND M. MAZE 


The clinical application of alpha, adrenergic agonists 
for anaesthesia has no precedent in our discipline. 
New classes of anaesthetic drugs, or even new 
members of an existing class, are usually promoted 
by an immense pharmaceutical industry effort. The 
alpha, adrenergic agonists have arrived on the scene 
with no hyperbole: these drugs will succeed (or fail) 
on their own merits. In addition, more is known 
about the underlying mechanism of action of these 
compounds than is known about all other anaesthetic 
agents. In this review we have concentrated on basic, 
applied and clinical pharmacology of these agents as 
they relate to anaesthesia. 


BASIC PHARMACOLOGY 


Classification of adrenergic receptors 


Until recently, the framework for the under- 
standing of adrenergic responses was based on the 
dual receptor theory of Ahlquist [5]. He differenti- 
ated adrenergic receptors into alpha and beta based 
on the rank order of potency of various natural and 
synthetic catecholamines in different physiological 
preparations. Ahlquist concluded that there was no 
clear correlation between excitatory or inhibitory 
actions of catecholamines and a particular receptor 
type. Activation of either alpha or beta adrenergic 
receptors produced excitatory effects in some tissues 
and inhibitory effects in others. Subsequently Lands 
and colleagues [86] showed that the rank order of 
potency of a series of catecholamines for a variety of 
beta adrenergic receptor-mediated responses could 
be used to identify two types of beta adrenergic 
receptors, beta, and beta,. Both the beta, and the 
beta, adrenoceptors stimulate the membrane-bound 
enzyme adenylate cyclase, leading to the intracellular 
accumulation of cyclic adenosine 3’, 5’-monophos- 
phate (cAMP), a ubiquitous second messenger 
present in virtually all cells and tissues [140]. The 
beta adrenoceptors have become model systems for 
investigators studying the structure and function of 
hormone and drug receptors in cell membranes 
because of their ubiquity, close coupling to a 
biochemical effector unit and the widespread clinical 
application of ligands acting at these receptors [42, 
88, 137]. 
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In the alpha adrenoceptor field, the next major 
advance was based on the identification of a receptor 
which regulated the release of neurotransmitters 
[108]: from this 1t was inferred that the receptor was 
located at a presynaptic site [87]. This led to a 
subdivision of alpha adrenoceptors, based on their 
synaptic location, into postsynaptic alpha, and 
presynaptic alpha, [14]. A classification based strictly 
on anatomic location has proven to be untenable in 
the light of postsynaptically and even extra- 
synaptically located alpha, adrenergic receptors not 
linked to neurotransmitter release [44]. As more 
selective alpha adrenoceptor antagonists became 
available, it was possible to definitively separate the 
alpha adrenoceptors into two subtypes on a phar- 
macological basis [24]. The current pharmacological 
classification of alpha, vs alpha, is based on the 
antagonists yohimbine and prazosin. At alpha, 
receptors, prazosin is more potent than yohimbine, 
whereas at alpha, receptors, yohimbine is more 
potent than prazosin. 


Structure of the alpha, adrenoceptor 


The structure of the alpha, adrenoceptor is similar 
to a host of other neurotransmitter receptors, in- 
cluding other adrenergic (alpha,, beta), muscarinic, 
dopamine, opioid, adenosine and serotonin receptors. 
Each of these receptor proteins is comprised of a 
single polypeptide chain which weaves back and forth 
through the cell membrane. The hydrophobic intra- 
membranous portions of each of the adrenergic 
receptors are similar in their primary structure. 
From this, one may deduce that these hydrophobic 
portions are probably the site which recognizes 
noradrenaline, the ubiquitous neurotransmitter for 
each of the adrenergic receptors. However, on the 
cytoplasmic side, the adrenergic receptor proteins 
exhibit considerable differences in structure. The 
characteristic adrenergic responses are predicated by 
these structural features, especially in the manner in 
which they provide “contact points” for the host of 
guanine nucleotide binding proteins (G proteins). 


Classification of alpha, adrenergic receptors 


Two separate nomenclatures, based on either 
pharmacological (alpha,,, alpha,, or alpha,,) or 
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molecular biological probes [23] agree to the exist- 
ence of at least three different alpha, isoreceptors. 
According to the molecular biological classification, 
these are defined by the chromosomal location of the 
gene for the receptor, being either alphagcs, alphagc, 
or alphaso,). Different brain regions, like most other 
tissues in the body, are usually populated by more 
than one isoreceptor. 


G proteins 

These ‘‘coupling proteins” promote transmem- 
brane signalling to a discrete effector mechanism 
which may be a transmembrane ion channel or an 
intracellular second messenger cascade [29]. There 
are more than 20 species of G proteins which are 
characterized by differences in the amino acid 
sequence of one (alpha) of the three subunits. These 
discrete differences in the alpha subunit provide the 
unique response mediated by each of the adrenergic 
receptors. At least four different G proteins couple to 
the alpha, adrenoceptors, including G,,_, and G,. 


Effector mechanisms 


A feature common to all alpha, adrenergic recep- 
tors is their ability, when activated, to inhibit 
adenylate cyclase. The resulting decrease in the 
accumulation of cAMP attenuates the stimulation of 
cAMP-dependent protein kinase and hence the 
phosphorylation of target regulatory proteins. How- 
ever, in many cases a decrease in cAMP production 
is not sufficient to mediate the effects of the alpha, 
adrenoceptor. Efflux of K+ through an activated 
channel can hyperpolarize the excitable membrane 
and provide an effective means of suppressing 
neuronal firing. Alpha, adrenoceptor stimulation 
` also suppresses Ca** entry into the nerve terminals 
which may be responsible for its inhibitory effect on 
secretion of neurotransmitters. 


APPLIED PHARMACOLOGY 
Alpha, adrenergic agonists 

These can be grouped into three main classes: 
phenylethylamines (e.g. amethyinoradrenaline), the 
imidazolines (e.g. clonidine) and oxaloazepines (e.g. 
azepexole). 

Clonidine, an imidazole compound, is a selective 
agonist for alpha, adrenoceptors with a ratio of 200:1 
(alpha, :alpha,). In many models of alpha, action, 
clonidine has been identified as a partial agonist. 
Clonidine is rapidly and almost completely absorbed 
after oral administration and reaches peak plasma 
concentrations within 60-90 min by this route. 
Clonidine may also be delivered via a time release 
transdermal patch, although a minimum of 2 days 
must elapse before a therapeutic concentration is 
achieved [144]. The elimination half-life of clonidine 
is between 9 and 12 h, and approximately 50 % of the 
drug is metabolized in the liver to inactive metabo- 
lites while the rest is excreted unchanged by the 
kidney. 

Methyldopa is metabolized to methylnoradrena- 
line which is a full agonist at the alpha, receptor and 
has 10-fold selectivity for the alpha, over the alpha, 


adrenoceptor. Because transformation into the active 
compound is necessary, effects are slow to develop 
(4-6 h) and somewhat unpredictable. It is the only 
parenteral preparation available for clinical use in 
the U.S.A. Guanabenz is similar to clonidine in its 
effects: however, it is less potent and shorter acting 
with a terminal elimination half-life of 6 h. Guan- 
facine has the longest half-life (14-18 h) of all the 
clinically available alpha, agonists. Both the latter 
two drugs are guanidine compounds. 

Medetomidine (4(5)-[1,2,3-dimethylphenylethy]]- 
imidazole) is the prototype of the novel super- 
selective alpha, agonists. It is an order of magnitude 
more selective than clonidine and is a full agonist at 
this class of receptor [129]. Medetomidine is ex- 
tremely potent and is active at small nanomolar 
concentrations and has been widely used in vet- 
erinary practice in Europe. Since the D-enantiomer 
of this racemate is the active ingredient, dex- 
medetomidine has been developed for clinical use. 
Phase II studies with this compound have been 
launched in the U.S., while in Europe the drug is in 
phase III clinical trials. 

Some ligands have an imidazole ring which enables 
them to bind to non-adrenergic imidazole-preferring 
receptors, as well as to the alpha, adrenoceptor [51]. 
The cardiovascular properties of alpha, ligands 
vary considerably, depending on whether or not the 
imidazole-preferring receptor is also bound [142]. 


CLINICAL APPLICATION OF ALPHA, AGONISTS 


Pharmacological responses of alpha, agonists on 
different systems 

Central nervous system. Sedation is one of the most 
consistent effects mediated by central alpha, recep- 
tors [43]. While this property is an undesirable 
side effect when clonidine is administered to patients 
with hypertension, it has been used to great advant- 
age as premedication in anaesthesia. This sedative 
effect of alpha, agonists is potentiated significantly 
when they are administered together with a benzo- 
diazepine [126]. Recently, the locus coeruleus was 
shown to be a principal region responsible for the 
sedative effect [35, 127]. 

Another characteristic effect of alpha, agonists in 
clinical situations is anxiolysis, which is comparable 
to that produced by benzodiazepines [26, 54, 153]. 
Clonidine may also depress panic disorder in humans 
[147]. However, larger doses of alpha, agonists may 
produce anxiogenic responses through non-selective 
activation of alpha, receptors [133]. 

Alpha, adrenergic receptor activation produces a 
potent analgesic response, involving both supra- 
spinal and spinal sites [110, 151, 154]. In animal 
experiments, clonidine exerts a more potent analgesic 
effect than morphine [55]. Furthermore, its potency 
is enhanced synergistically with concomitant treat- 
ment with opioids [103, 105, 134,152]. Alpha, 
agonists and opioids mediate the analgesic action 
through independent receptors, although these two 
classes of agents have a similar transduction pathway 
in their effector mechanism [22]. This may be the 
mechanism for the development of cross-tolerance 
between these two agents [107, 136]. Alpha, agonists 
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suppress the undesirable physiological and psycho- 
logical symptoms after withdrawal of opioids [62]. 
Recently, the usefulness of alpha, agonists has been 
extended to other withdrawal states, such as alcohol 
and benzodiazepines [10, 36, 155]. In humans, dex- 
medetomidine was reported to suppress ischaemic 
pain [76] and to attenuate the affective component of 
ischaemic pain [82]; yet, i.v. dexmedetomidine, in 
the dose range 25-50 ug kg, did not affect the 
experimental pain threshold [76]. 

The most impressive action of alpha, agonists in 
the central nervous system is the ability to reduce 
anaesthetic requirements. Kaukinen and Pyykko [81] 
demonstrated a modest reduction (15 %) of MAC of 
halothane after subacute administration of clonidine 
in rabbits. Bloor and Flack [16] observed that acutely 
administered clonidine reduced MAC of halothane 
by up to 50% in a dose-dependent fashion. This 
effect was antagonized by tolazoline, an alpha, 
antagonist. There is a ceiling to the reduction of 
MAC effect of clonidine because of its ability to 
stimulate alpha, adrenoceptors. More selective alpha, 
agonists reduce the MAC of volatile anaesthetics to 
a much greater extent. Azepexole was shown to 
reduce MAC of isoflurane by 85% in dogs [94], 
while dexmedetomidine decreased MAC of halo- 
thane by more than 95% in animals [132, 149}, 
indicating that it may be an anaesthetic in its own 
right. This reduction in anaesthetic requirement 
may also be demonstrated in humans and is not 
limited to volatile anaesthetics (see below). 

Intraocular pressure can be reduced by alpha, 
agonists and these agonists may also attenuate the 
increase in intraocular pressure associated with 
laryngoscopy and tracheal intubation [60, 75, 85]. 
Although an early report showed that the action may 
be a result of reduction in production and aug- 
mentation in outflow of aqueous humour [83], this 
has yet to be established. The imidazoline preferring 
receptor has also been implicated in this action [113]. 

Experimental application of alpha, agonists and 
antagonists in the study of neuroprotection from 
cerebral ischaemia has resulted in conflicting data. 
Hoffman and colleagues [71,72] reported that the 
alpha, agonists clonidine and dexmedetomidine 
improve outcome from incomplete global ischaemia. 
On the other hand, Gustafson and colleagues [65, 
66] demonstrated that idazoxan, an alpha, antag- 
onist, could also protect against global ischaemia. 
This apparent paradox may be reconciled by a recent 
report [92] that both idazoxan and rilmenidine 
(alpha, antagonist and agonist with affinity for the 
imidazole-preferring receptor) can exert a protective 
effect against cerebral ischaemia. The authors 
hypothesized that the imidazole-preferring receptor, 
and not alpha, receptors, are involved in the 
neuroprotective mechanism. 

Cardiovascular system. The action of alpha, 
agonists on the cardiovascular system may be classi- 
fied as peripheral or central. Alpha, agonists inhibit 
noradrenaline release from peripheral prejunctional 
nerve endings and this property, in part, contributes 
to the bradycardiac effect of alpha, agonists [37]. At 
present, there is no evidence to support the existence 
of postsynaptic alpha, receptors in the myocardium 
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[45, 74]; therefore, direct effects of alpha, agonists 
on the heart are doubtful. Postjunctional alpha, 
receptors are present in both arterial and venous 
vasculature where they produce vasoconstriction 
[125]. Among the different vascular beds, the effect 
of alpha, agonists on the coronary circulation is 
important. A putative vasoconstrictive action of 
alpha, agonists on the coronary vasculature would 
not be favourable in the ischaemic heart [31, 97]: 
however, these agonists can ameliorate any direct 
constriction by reducing sympathetic outflow [70]. 
Furthermore, alpha, agonists have been documented 
to release endothelial derived relaxant factor in 
coronary arteries [32] and to enhance coronary blood 
flow induced by endogenous and exogenous adeno- 
sine in an im vivo model [73]. Thus the effect on 
coronary arteries may be too complicated to dis- 
tinguish clear changes in coronary blood flow in an 
in vivo model [130]. 

Central mediated hypotensive and bradycardiac 
effects of clonidine have been well recognized. The 
mechanism for these actions may involve inhibition 
of sympathetic outflow and the potentiation of 
parasympathetic nervous activity. However, the 
precise mechanism involved in these actions is not 
well understood. While the nucleus tractus solitarius 
(a site known to modulate autonomic control, 
including vagal activity) is an important central site 
for the action of alpha, agonists [84], other nuclei, 
including the locus coeruleus [141], the dorsal motor 
nucleus of vagus [122, 148] and the nucleus retic- 
ularis lateralis [50,143] may also mediate hypo- 
tension, bradycardia, or both. It has been docu- 
mented [20, 21, 142] that imidazole-preferring re- 
ceptors play an important role in the hypotensive 
effect of alpha, agonists. 

Alpha, agonists also have anti-arrhythmic proper- 
ties. For example, dexmedetomidine prevents 
adrenaline-induced arrhythmias during halothane 
anaesthesia [68]. Not only central alpha, receptors, 
but imidazole-preferring receptors are involved [69]. 
The anti-arrhythmic effect is abolished in vagot- 
omized animals [78]. 

The effect of alpha, agonists on the cerebral 
circulation during anaesthesia has been studied. 
Zornow and colleagues [156] and Karlsson and 
colleagues [80] demonstrated that dexmedetom- 
idine decreases cerebral blood flow in dogs anaes- 
thetized with isoflurane and halothane. This charac- 
teristic may be favourable in protecting the brain 
from an abrupt increase in blood flow. This idea has 
been supported by a recent report by McPherson 
and Traystman [91], who showed that dexmede- 
tomidine blunts the cerebrovascular response to 
hypoxic hypoxia during isoflurane anaesthesia. 

Respiratory system. The respiratory depressant 
effects of clonidine are not remarkable unless massive 
doses are given [8, 102]. Eisenach reported that i.v. 
clonidine induces an hypoxic effect in ungulates and 
concluded that aggregation of platelets is responsible 
for this mechanism in this animal species [47]. 
Although alpha, agonists may cause mild respiratory 
depression [98], the effect of clonidine is less than 
that of opioid narcotics [58]. In clinically appropriate 
doses, respiratory depression may not be detected 
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TaBe I. Preanaesthetic application of alpha, adrenergic agonists 


Drug Route (dose) Effect Reference 
a he a ee ee ee 
Clonidine Oral (300 ug) Sedation [153] 

Reduction in anxiety 
Decreased methohexitone 
Clonidine Oral (200 ug) Reduction in anxiety [26, 28] 
Postoperative analgesia 
Clonidine Oral (300 ug) Sedation [85] 
Reduction in anxiety 
Reduction in intraocular pressure 
Clonidine Oral (5 ug kg’) Decreased fentanyl by 45% [61] 
Decreased haemodynamic response to intubation 
Clonidine Oral (200-300 ug) Decreased sufentanil by 40% [57] 
+n.g. (200-300 ug) Haemodynamic stability 
Decreased catecholamines 
Clonidine Oral (5 ug kg~*) Decreased droperidol [49] 
Clonidine Oral (225-375 ug) Decreased thiopentone by 20% [104] 
Clonidine Oral (600 ug) Decreased propofol [121] 
Clonidine Oral (150 ug) Prolonged tetracaine spinal anaesthesia [106] 
Clonidine Oral (5 ug kgm") Reduction in intraocular pressure [60] 
Decreased haemodynamic response to intubation 
Decreased isoflurane by 30% 
Decreased fentanyl by 60-75 % 
Haemodynamic stability 
Clonidine Oral (5 ug ke) Decreased haemodynamic response to intubation [59] 
Decreased isoflurane by 40% 
Decreased fentanyl by 75% 
Haemodynamic stability 
Clonidine Oral (4.7 ug kg?) Decreased catecholamines [115] 
Haemodynarnic stability 
Dexmedetomidine Lv. (0.6 ug kg-t) Decreased isoflurane by 25% [7] 
Decreased haemodynamic response to intubation 
Dexmedetomidine I.m. (1.0 pg kg) Decreased thiopentone by 17% [1] 


Decreased catecholamines 


except with hypercapnic respiratory response studies 
[109]. There is no potentiation by clonidine of 
opioid-induced respiratory depression [11,77]. In 
addition, nebulized clonidine attenuated broncho- 
constriction in asthmatic patients [89]. 

Endocrine system. Alpha, agonists potentiate the 
secretion of growth hormone [64]. Although a precise 
mechanism for this action has not been elucidated, 
Deveasa and colleagues [40, 41] suggested that alpha, 
receptor activation is coupled to growth hormone 
releasing factor. Alpha, agonists which possess an 
imidazole ring in their structure may produce 
inhibition of steroidogenesis. However, at clinical 
doses, this effect is not likely to have serious 
consequences [95]. Alpha, agonists decrease sym- 
pathoadrenal outflow and these agents may suppress 
the stress response after surgical stimulation [87]. 
While tn vitro studies indicate that alpha, agonists 
regulate catecholamine secretion in the adrenal 
medulla [67, 150], this effect has been questioned by 
others [114, 120]. The alpha, agonists also inhibit 
the release of insulin from the pancreatic beta cells 
directly [9]; again, this effect is not troublesome in 
clinical situations [93]. 

Gastrointestinal system. Decreased salivary flow is 
one of the advantages of the use of alpha, agonists 
as premedication [79]. Alpha, agonists may modulate 
release of gastric acid via a presynaptic mechanism 
[14]; yet no significant change in gastric pH is 
observed in humans [104]. The alpha, agonists may 
also prevent intestinal ion and water secretion in the 
large bowel, indicating an effective treatment for 
watery diarrhoea [90]. 


Renal system. Alpha, agonists induce diuresis. In- 
hibition of release of antidiuretic hormone (ADH) 
[111], antagonism of the renal tubular action of 
ADH [135] and increase in the glomerular filtration 
rate [138] have each been implicated in this mech- 
anism. Recently, alpha, agonist-induced release of 
atrial natriuretic factor has also been suggested to 
contribute to the diuretic mechanism of alpha, 
agonists [30]. 

Haematological system. Aggregation of platelets is 
induced by alpha, agonists [124]. In the clinical 
setting, this is largely offset by the decrease in 
circulating catecholamines. 


Use of alpha, agonists in anaesthetic practice 


Preanaesthetic administration (table I). Since seda- 
tion and anxiolysis are necessary attributes of pre- 
medication, administration of alpha, agonists suits 
this purpose well [1, 6,7, 28, 85, 153]. Another benefit 
of alpha, agonists as premedication are their ability to 
potentiate the anaesthetic action of other agents and 
to reduce anaesthetic requirements during surgery. 
This effect is observed universally, regardless of the 
type of anaesthetic, i.v., volatile or regional block. 
For example, Ghingnone and colleagues [61] re- 
ported that premedication with oral clonidine 5 pg 
ke~!, reduced fentanyl requirements for induction 
and intubation by 45% in patients undergoing 
aortocoronary bypass surgery. In a similar patient 
population, Flack and colleagues [57] demonstrated 
that clonidine reduced sufentanil requirement by 
40%. Engelman and co-workers [49] showed that 
preoperative clonidine 5 ug kg’ decreased the dose 
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TABLE II. Perioperative application of alpha, adrenergic agonists 





Drug Route (dose) 


Effect Reference 





Clonidine Transdermal patch 


Decreased isoflurane [131] 


Haemodynamic stability 
Postoperative analgesia 


Clonidine Lv. (7 ug kg?) Postoperative decreases in [116] 
catecholamines and vasopressin 
Haemodynamic stability 
Less postoperative shivering 
Clonidine Iv. (4 ug kg? +2 pg ke? ho) Potentiation of morphine analgesia [38] 
Clonidine Intrathecal (150 ug) Prolonged bupivacaine spinal anaesthesia [118] 
Clonidine Intrathecal (75, 150 ug) Prolonged tetracaine spinal anaesthesia [19] 
Clonidine | Extradural (150 ug) Potentiated lignocaine extradural anaesthesia [146] 
Clonidine  Extradural (90, 180 ug) Sedation [99] 
Haemodynamic stability 
Clonidine Iv. (5 ug kg?) Decreased oxygen consumption [117] 


of droperidol necessary to maintain haemodynamic 
stability in aortic surgery patients. Doses of thio- 
pentone and propofol required for induction are 
also reported to be reduced by preanaesthetic 
treatment by clonidine and dexmedetomidine [1, 3, 
4, 104, 121]. This characteristic may facilitate more 
rapid emergence from anaesthesia. In addition, oral 
clonidine 150 ug may prolong tetracaine spinal 
anaesthesia [106]. 

Alpha, agonists have been known to attenuate 
stress-induced sympathoadrenal responses. Minim- 
izing haemodynamic changes after tracheal intu- 
bation and the noxious stimuli from surgery is an 
important goal for the anaesthetic care of the surgical 
patient. Carabine, Wright and Moore [28] suggested 
that clonidine 200 ug was a suitable dose and that 
larger doses did not offer any further advantage. 
Others have recommended larger doses of clonidine 
(60, 85, 153]. The efficacy of dexmedetomidine has 
been studied extensively in Finland. I.v. admin- 
istration of the drug, in doses ranging from 0.3 to 
0.6 ug kg, provided optimal premedication effects 
[3, 4, 7, 75, 128]. Aantaa and co-workers [1, 2] 
studied i.m. dexmedetomidine, a clinically more ap- 
propriate route of administration, and showed that a 
dose of 1.0 ug kg was adequate. However, the 
sedative effects may outlast the surgery at these 
doses. Flacke and colleagues [57] reported that 
the haemodynamic variables in patients undergoing 
aortocoronary bypass surgery were more favourable 
despite the fact that smaller doses of narcotics were 
used. Ghingnone and co-workers [61] corroborated 
these findings in a similar patient population. While 
these features also applied to patients undergoing 
aortic surgery [49, 115], this favourable property was 
absent in patients undergoing carotid artery surgery 
[112]. The successful application of alpha, agonists 
to geriatric patients is established [60, 85], but this 
therapy has not been extended to a paediatric 
population. 

Addressing possible disadvantages of alpha, agon- 
ists as premedication, oral clonidine 300 ug did not 
affect tidal volume, ventilatory frequency or end-tidal 
carbon dioxide tension, but did attenuate the 
ventilatory response to carbon dioxide, suggesting 
that clonidine has a potential respiratory depressant 
effect [12]. On the other hand, Bailey and colleagues 
[11] demonstrated that oral clonidine 4-5 ug kg™ did 


not depress the response to carbon dioxide. Similar 
findings have been reported by Jarvis and co-workers 
also [77]. Furthermore, these two reports demon- 
strated that oral clonidine did not potentiate res- 
piratory depression exerted by opioids. Another 
common risk with the use of alpha, agonists is 
excessive cardiovascular depression, namely brady- 
cardia and hypotension. These complications were 
described in several reports [1, 2, 28]. Atropine is the 
treatment of choice for bradycardia, but it should be 
noted that large doses of oral clonidine, 5 ug kg~', 
attenuate the effect of atropine [100]. On the other 
hand, clonidine potentiates the pressor effect exerted 
by ephedrine [101]. 

Intraoperative administration (table IT). Although 
alpha, agonists have potent analgesic and sedative 
effects, these agents have not been used during 
operation in lieu of the usual anaesthetic agents. 
Thus far, there are only a few reports describing 
intraoperative administration of alpha, agonists. 
Segal and co-workers [131] examined the efficacy of 
systemic clonidine. They reported that the com- 
bination of oral and transdermal clonidine (which 
maintained the plasma concentration of clonidine at 
therapeutic concentrations) provided smaller an- 
aesthetic requirements, greater haemodynamic stab- 
ility, more rapid recovery from anaesthesia and less 
postoperative requirement for supplementary mor- 
phine for pain control in patients undergoing lower 
abdominal surgery. Quintin and colleagues [116] 
reported that in patients undergoing abdominal 
aortic grafting, perioperative infusion of clonidine 
7 ugkg™ over 120 min after aortic declamping, 
reduced noradrenaline, adrenaline and vasopressin 
concentrations during the recovery period. They 
concluded that although there was greater haemo- 
dynamic stability, larger fluid volumes were required 
during the postoperative period. Also, intraoperative 
clonidine infusion (a loading dose of 4yugkg™ 
following 2ugkg'h + until closure of the per- 
itoneum) may enhance the quality of postoperative 
analgesia by morphine [38]. A significant reduction 
in postoperative shivering episodes by clonidine 
treatment is also a consequence of this regimen. 

Alpha, agonists may also be administered by the 
intrathecal or extradural route to potentiate local 
anaesthetic agents. Racle and colleagues [118] 
showed that intrathecal clonidine 150 pg prolonged 
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TABLE III. Postoperative application of alpha, adrenergic agonists 
Route (dose) Effect 


Reference 
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Clonidine Extradural (2 ug kg) Postoperative analgesia 
Clonidine Extradural (150 pg) Postoperative analgesia [53] 
Clonidine Extradural (100-900 ug) Postoperative analgesia [46] 
Haemodynamic depression 
Sedation 
Clonidine Extradural (400 pg +20 pg h?) Less postoperative morphine [96] 
Sedation 
Prolonged local anaesthetics 
Clonidine Extradural (150 pg +50 pg h`?) Postoperative analgesia [27] 
Clonidine Extradural (150 ug) Prolonged extradural fentanyl [123] 
Clonidine Extradural (150 ug) Prolonged extradural bupivacaine [25] 
Clonidine Extradural (150 ug) Potentiated extradural morphine [27] 
Clonidine Intrathecal (150 ug) Postoperative analgesia [56] 
Clonidine I.m. (2 ug kg?) Postoperative analgesia [17] 
Clonidine I.v. (150 ug) Postoperative analgesia [145] 
Clonidine Lv. (5 ug kg +0.3 pg kg ht) Postoperative analgesia [13] 
Haemodynamic depression 
Clonidine Iv. (2 ug kg™) Decreased oxygen consumption [39] 
Dexmedetomidine  I.v. (0.2, 0.4 ug kg™}) Less postoperative morphine [6] 
Less postoperative shivering 
Sedation 
Haemodynamic depression 





bupivacaine spinal anaesthesia in elderly patients 
undergoing hip surgery and this technique was 
superior to the addition of adrenaline 200 ug to 
bupivacaine. Bonnet and co-workers [19] demon- 
strated that clonidine prolonged tetracaine spinal 
anaesthesia dose-dependently. Concerning extra- 
dural anaesthesia, addition of clonidime to extradural 
lignocaine was reported to increase its anaesthetic 
potency. Another advantage of extradural clonidine 
during surgery is the provision of sedation and 
relative haemodynamic stability compared with plain 
lignocaine or lignocaine with adrenaline [99]. 
Postoperative admimstration (table III). The 
potent analgesic properties of alpha, agonists provide 
improved pain control in postoperative patients. 
Extradural administration is the most common route 
and has been investigated thoroughly. The efficacy 
of clonidine after operation depends on the dose and 
the severity of postoperative pain. In an early clinical 
study, Gordh [63] failed to demonstrate a significant 
analgesic effect of extradural clonidine 3 pg kg™ in 
patients after thoracotomy. However, Bonnet and 
colleagues [18] observed that extradural clonidine 
2 ug kg™ produced brief but significant pain relief 
after peripheral orthopaediatric surgery. Recently, 
van Essen and co-workers [53] reported that extra- 
dural clonidine 150 pg produced postoperative an- 
algesia in patients undergoing abdominal hyster- 
ectomy. On the other hand, Eisenach, Lysak and 
Viscomi [46] examined the analgesic effect of 
extradural clonidine 100-900 pg in 100-pg incre- 
ments, in patients after total knee arthroplasty or 
abdominal surgery. Analgesia was estimated by 
verbal pain score and the need for supplementary i.v. 
morphine. Clonidine produced analgesia in a dose- 
dependent manner, achieving complete pain relief 
for up to 5h without sensory or motor block at the 
largest dose (700-900 ug). However, larger doses 
were associated with disadvantages, including hy- 
potension, bradycardia and transient sedation. 
Penon, Ecoffey and Cohen [109] reported that 
extradural clonidine 300 ug decreased the slope of 


the ventilatory response to carbon dioxide without 
changing end-tidal carbon dioxide, ventilatory fre- 
quency or minute ventilation. To reduce the side 
effects without affecting the analgesic property, 
continuous extradural administration after bolus 
injection of clonidine (800 ug bolus followed by 
20 ug h^t) is advocated as an alternative method [96]. 
With this continuous treatment, more than 6h of 
analgesia was seen after Caesarean section. In 
comparison with single dose clonidine administra- 
tion, several reports describe the effectiveness of 
combining extradural administration of clonidine 
with local anaesthetics or opioids. Adding 150 ug of 
clonidine to extradural fentanyl, morphine and 
bupivacaine resulted in longer duration of post- 
operative analgesia [25, 27, 123]. Furthermore, these 
combinations may reduce the effective dose of 
clonidine, resulting in less side effects. In addition, a 
recent report described the efficacy of intrathecal 
clonidine 150 ug as the sole analgesic agent after 
Caesarean section without remarkable side effects 
[56]. 

Systemic adminstration of clonidine for post- 
operative analgesia has also been reported. Bonnet 
and colleagues [17] compared the analgesic effect 
(visual analogue scale) of i.m. clonidine 2 ug kg 
with the same dose of extradural clonidine after minor 
operations (orthopaedic or perineal surgery). Both 
onset and duration of analgesia after i.m. clonidine 
were comparable with extradural clonidine. In 
addition, although the peak plasma concentration of 
clonidine was greater in the i.m. group, side effects, 
including hypotension, bradycardia and drowsiness, 
were similar. Another possible route of systemic 
administration of alpha, agonists for postoperative 
analgesia is i.v. Tryba, Zenz and Strumpf [145] 
reported that clonidine 150 ug i.v., produced a 
similar analgesic effect to morphine 5mg, in 
patients after orthopaedic operations. However, 
Striebel, Gottschalk and Kramer [139] could not 
demonstrate an analgesic effect of clonidine in 
patients after cholecystectomy. Aho and co-workers 
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[7] compared the analgesic effect of i.v. dexmedetom- 
idine 0.2 and 0.4ygkg™! with that of oxycodone 
60 ug kg~' or diclofenac 250 ug kg! in women under- 
going laparoscopic tubal ligation. They showed that 
dexmedetomidine 0.4 ug kg"! produced a compar- 
able effect to oxycodone, but drowsiness and brady- 
cardia were present in the dexmedetomidine groups 
which, they suggested, may limit its usefulness. On 
the other hand, Bernard and colleagues [13] docu- 
mented the efficacy of i.v. clonidine after major 
surgery. Their clonidine treatment regimen (5 ug 
kg™* infused in the first 1 h followed by 0.3 ug kg 
h) was effective for pain relief in patients after 
extensive spinal surgery. They cautioned that ad- 
equate filling pressure must be maintained to prevent 
arterial pressure reduction. 

Perioperative, as well as postoperative, admin- 
istration of clonidine may decrease oxygen con- 
sumption and episodes of shivering during recovery 
from anaesthesia [39, 116,117]. This feature pro- 
vides further justification for using this agent in 
patients with coronary artery disease [57]. 

Miscellaneous usage. Because of their potent an- 
algesic properties, alpha, agonists may be useful in 
the relief of pain other than in the postoperative 
period. Extradural clonidine produces effective an- 
algesia in a dose-dependent fashion (100-900 ug) in 
patients with neuropathic pain with few side effects 
[48]. Extradural clonidine is a useful therapeutic 
adjunct in the management of patients with re- 
fractory reflex sympathetic dystrophy also [119]. 
Anecdotal reports demonstrate that intrathecal cloni- 
dine in combination with morphine or hydro- 
morphine may attenuate cancer pain as well as 
opioids alone, and the combination was an excellent 
alternative approach to control of terminal pain [33, 
52]. One case report suggested that intrathecal 
clonidine is effective, even if tolerance to intrathecal 
morphine has developed [34]. This phenomenon 
indicates the possibility that temporary pain control 
may be provided by clonidine to allow the morphine 
tolerant patient to recapture their sensitivity to 
morphine. 
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OPIOID RECEPTORS AND THEIR RELEVANCE TO 


ANAESTHESIA 


B. J. PLEOUVRY 


The therapeutic entities which have been derived 
from the constituents of opium, the dried exudate of 
the incised capsule of the opium poppy, have 
probably spawned more scientific publications than 
any other drug group. The observations that only the 
laevorotatory isomer of morphine, the active con- 
stituent of opium, was active and that most opioid 
analgesic drugs had similarities in structure, promp- 
ted Beckett and Casey to propose a tentative 
structure for an opioid receptor [4]. Since then our 
understanding of opioid pharmacology has pro- 
gressed steadily with the notable highs of the 
discovery of the endogenous ligands to the opioid 
receptor [37] and the overwhelming evidence of 
multiple opioid receptors first noted by Martin and 
colleagues [56]. The anaesthetist uses morphine and 
its derivatives most commonly as analgesics for 
moderate to severe pain. With adjustment of dose 
and route of administration, opioids may perform 
this function with the minimum of side effects, 
which may range from the uncomfortable (itching, 
nausea and vomiting) to the life-threatening (res- 
piratory depression). Chronic use of opioids may 
also lead to tolerance and physical dependence. It is 
worth re-emphasizing the theme which runs through 
most recent reviews of any aspect of opioid activity: 
“It was hoped that the development of opioid 
agonists selective for a particular opioid receptor 
subtype might separate the useful actions of opioids 
from the rest, and result in a therapeutic break- 
through. This breakthrough has not occurred!” 
What then, is the relevance of the subdivisions of 
opioid receptors to the anaesthetist? 


OPIOID RECEPTORS: EVIDENCE FROM 
SELECTIVE LIGANDS 


The different profiles of activities of morphine, 
ketocyclazocine and N-allyl-norcyclazocine (SKF 
10,047) in the chronic spinal dog prompted the first 
well founded suggestion that subdivisions of opioid 
receptors might exist [56]. The first two (u for 
morphine and « for ketocyclazocine) mediate an- 
algesia, which is generalized for the u agonist but 
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spinal for the x agonist. No cross tolerance exists 
between them. The third, o for SKF, did not 
mediate analgesia and has subsequently been associ- 
ated with the psychotomimetic activity of opioids. 
The next receptor to be described was the 6 receptor 
[54] for which the endogenous opioid peptide 
leu-enkephalin showed selectivity. Originally this 
receptor was not associated with analgesic activity, 
but as we shall see later, this is not the case. The final 
receptor to be described (e) is still an enigma. In a 
few, very specific situations, B endorphin appears to 
have agonist activity at opioid receptors which is not 
shared with morphine but which is antagonized by xK 
agonists [90]. Whether or not this represents a 
unique receptor (£) or a lack of spare u receptors at 
these B endorphin sensitive sites [61] is open to 
debate. 

Further subdivisions of opioid receptors have 
been suggested based on selective ligand binding 
(table I). 


l receptors 

The subdivision of u receptors into p and pu is 
based on the detection of two affinity states for the 
receptor [67] and on the selectivity of a single 
antagonist, naloxonazine [29], for the higher affinity 
state (u,). Meptazinol was claimed to be a selective pu, 
agonist but the intrinsic cholinomimetic activity of 
this compound clouded its pharmacology [5]. In 
contrast, morphine has greater selectivity for the low 
affinity site (U4), while the opioid peptides and 
morphine have similar affinities for the u site [39]. 
Published articles are polarized into those who do 
not accept a subdivision of u receptors and, therefore, 
do not mention them, and those who treat their 
existence as an established fact. 


Ô receptors 


Several lines of evidence support a subdivision of 
6 receptors. Two highly selective 6 agonists have 
been described. Both the synthetic peptide [D-Pen®, 
D-Pen*] enkephalin [62] and [D-Ala*] deltorphin IT, 
isolated from frog skin [47], bind with high affinity to 
6 receptors and exhibit analgesic activity in animal 
models [41]. This analgesic activity is antagonized 
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TABLE I. Selective ligands for opioid receptors, {No selectivity for receptor subtypes; tagonist/antagonist status is 
controversial [85]. ICI 174,864 = N,N-dtallyl-Try-a-aminoisobutyric acid-a-aminoisobutyric acid-Phe Leu OH 








Receptor Subtype Agonist Antagonist 
H Hi Meptazinol Naloxonazine 
Morphine = opioid peptides 
Ly Morphine > opioid peptides p-Funaltrexaminet, cypridimet 
ô 5, [D-Pen? D-Pen*] [D-Ala?Leu5Cys*] 
enkephalin enkephalin (DALCE), 
3d: [D-Ale*] delrorpin II Naltrindole-5’- 
isothiocyanate 
(NTID) 
Naltrindolet, 
ICI 174,864+ 
K Kı U69,593 Nor-binaltorphimine 
Ky (E?) 
Ks NalBzoH 
o PCP Phencyclidine > 
benzomorphans 
S (+) Pentazocine, 
benzomorphanst > 
phencyclidinet, 
haloperidol, 
(—) pentazocinet 
Og 


by the selective 6 antagonist ICI 174,864, but not by 
the selective u antagonist, B-funaltrexamine. How- 
ever, there is no cross tolerance between the analgesic 
activity of these two compounds in mice [57], 
suggesting that they do not interact with identical 
receptors. Furthermore, each drug may be selectively 
antagonized by one of two novel 6 receptor an- 
tagonists (table I) [42]. Additionally, these two 
agonists appear to activate different signal trans- 
duction mechanisms (see below). There is some 
evidence [32] that u and 6 receptors may exist in two 
forms, complexed together and non-complexed. If 
this is true, it could explain some of the observations 
regarding subdivisions of u and 6 receptors discussed 
above. The functionally coupled u- receptor is 
sensitive to B-funaltrexamine, but not naloxonazine, 
which is believed to be selective for u, receptors. 


K receptors 


Binding selectivity studies have produced evi- 
dence of three subdivisions of x receptors. Both x, 
and kK, receptors appear to have selective agonists, 
(5a,7a,8b)-(— )-N-methyl-N-[7-(1-pyrrolidinyl)-1- 
oxaspiro(4,5)-de-8-yl] benzenacetamide (U69,593) 
for K, receptors [92] and naloxone benzoylhydrazone 
(NalBzoH) for «x, receptors [9, 11]. The highly 
selective x receptor antagonist nor-binaltorphimine 
[82], has poor affinity for the K, site. It has been 
suggested that the first drug used to antagonize 
morphine-induced respiratory depression, nalor- 
phine, may exert its intrinsic analgesic activity via 
this x, site [69]. The x, site is characterized more by 
what does not bind to it rather than what does (i.e. it 
is insensitive to U69,593 and NalBzoH). Nock and 
co-workers [63] also described a 69,593 and 
NalBzoH insensitive binding site for the x agonist 
ethylketocyclazocine. It was concluded that this 
might be the B endorphin specific receptor, the € 
receptor! Perhaps x, and £ are the same receptor! 
However, there are still no selective ligands for this 
binding site as B endorphin binds to p, 6, Ka and k,/é 
sites [9]. 


o receptors 


The original o receptor ligand SKF 10,047, was 
found to bind to both the PCP (1-(1-phenylcyclo- 
hexy!)piperidine, commonly known as phencyclidine 
or “angel dust”) receptor and the o receptor. The 
rank order of potency for binding to these two 
receptors differs: benzomorphans have greater af- 
finity than PCP at the o site and vice versa at the 
PCP site [74]. The PCP receptor is now known to be 
present in the ion channel gated by the N-methyl-D- 
aspartate receptor [52] whilst the o receptor has been 
proposed to have two subtypes, o, and o, [73]. o 
ligands, such as ( + )-pentazocine, dextromethorphan 
and SKF 10,047, have much greater affinity for © 
than ©, receptors. (—)-Pentazocine and many anti- 
psychotic drugs are non-selective ligands at o 
receptors and naloxone is inactive [85]. For this last 
reason, © receptors are no longer classified as opioid 
receptors. 


SIGNAL TRANSDUCTION MECHANISMS 


Several of the opioid receptors have been solubilized 
and purified, but details of their primary structure, 
at least of those that may mediate analgesic activity, 
await elucidation [53]. It is hoped that this in- 
formation will be available by the time this review 
is published. For the present, only indirect pointers 
to the nature of the opioid receptors may be used. 
Indicators predict that most of the opioid receptors 
characterized so far are members of the guanine 
nucleotide binding protein (G protein)-coupled 
receptor super family. Guanine nucleotides, par- 
ticularly guanosine triphosphate (GTP), decrease 
specifically agonist binding to the u, 6 and x opioid 
receptors and opioid agonists stimulate GTPase 
activity. In addition, in the presence of sodium, 
guanine nucleotides discriminate effectively between 
agonist and antagonist binding: the antagonist 
binding is unaffected by GTP concentrations. These 
findings are characteristic of G protein-coupled 
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receptors. GTP sensitivity is also seen with oy 
receptors, but not with o, receptors [73]. G proteins 
are heterotrimers, that is consisting of three different 
subunits, designated «, B and y in order of decreasing 
molecular weight. The « subunit binds the guanine 
nucleotides and differences in this subunit are used 
to identify different G proteins. The G, notation was 
used originally to designate a G protein which 
stimulated (s) adenylyl cyclase and G,, a G protein 
which inhibited (i) this enzyme. Eventually this 
method of classification will change as more G 
proteins are identified and the heterogeneous charac- 
ter of the presently described G proteins is elucidated 
(e.g. G; has at least three forms). 

Two toxins, cholera and pertussis, are known to 
catalyse covalent modifications (adenosine diphos- 
phate (ADP) ribosylation) of the « subunit. Cholera 
toxin has selectivity for the a subunit of the 
stimulatory G, protein, causing persistent activation 
[25]. This induces persistent activation of adenylyl 
cyclase in, for example, the intestinal epithelium, 
which leads to copious intestinal secretions, charac- 
teristic of the disease [75]. Pertussis toxin, on the 
other hand, causes ribosylation of G, and other G 
proteins, but not G, proteins. Pertussis toxin 
modifies the ability of the G protein to bind to the 
receptor and thus prevents its activity [25]. How this 
causes the symptoms of pertussis is less clearcut and 
may reflect the heterogeneity of G, proteins alluded 
to above. 

In some, but not all systems, opioid agonists have 
been shown to inhibit adenylyl cyclase. This effect is 
also GTP sensitive and is blocked by pertussis toxin. 
These findings are consistent throughout the litera- 
ture and demonstrate that opioid receptors (the 
evidence is greater for u and 6 than x) inhibit 
adenylyl cyclase via a G, protein [10]. Pertussis toxin 
reduces morphine-induced analgesia when injected 
intraventricularly [66] and intrathecally [34], thus 
implicating G,, or at least a pertussis sensitive G 
protein, in this action. Similarly, G, protein ac- 
tivation has been implicated in the place preference 
properties of morphine [80]. 

Cholera toxin, which activates G,, also prevents 
the analgesic action of morphine, indicating the 
complex circuitry involved in pain and analgesia [7]. 
There is some evidence that direct activation of G, 
proteins may be involved in the excitatory actions of 
opioids [13]. Uncovering of these excitatory effects 
by pertussis toxin has been offered as an explanation 
of the observation that, while pertussis toxin attenu- 
ates opioid-induced analgesia, it enhances lethality 
[55]. However, no direct evidence was offered as to 
the cause of death in these animals, although 
naloxone was preventative, suggesting involvement 
of opioid receptors. 

Whether or not adenylyl cyclase is implicated as a 
second messenger in all opioid activity is debatable. 
G proteins are, as quoted so descriptively by many 
reviewers, promiscuous. They may interact directly 
with ion channels, as well as with several other 
second messenger systems, such as guanylyl cyclase, 
phospholipase C-inositol phosphate, phospholipase 
A2, etc. The involvement of some of these other 
systems with opioid activity is suggested from a 
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number of sources. In the locus coeruleus, the 
response to agonist-j! receptor interaction is ac- 
tivation of potassium conductance via a G protein 
with no other detectable second messenger system 
involved [46]. Both u and 6 receptors appear to be 
associated with the opening of potassium channels, 
whilst x receptors are associated with the closure of 
calcium channels [14], at least when inhibitory 
activity is recorded. To date, potassium channels are 
the most diverse group of ion channels investigated. 
At least 13 major types exist and several subtypes 
exist within each group [20]. Glibenclamide, be- 
lieved to be a selective blocker for the ATP sensitive 
potassium channels in the CNS [2], antagonizes 
morphine-induced analgesia, whilst tetraethyl- 
ammonium and quinine, which block other types of 
potassium channel [12], have no effect [64]. The 
potassium channel opener pinacidil, potentiates 
morphine analgesia in the rat [84]. Using ligands 
selective for the proposed 6, and 6, receptors 
discussed above, Wild and colleagues [89] found that 
6,-induced analgesia was antagonized by gliben- 
clamide and not tetraethylammonium (TEA) whilst 
the 6, agonist was antagonized by TEA and not 
glibenclamide. It would be logical that, if some u and 
6 receptors are complexed (as outlined above), they 
should be the ones linked to the same effector system 
(i.e. the glibenclamide-sensitive potassium channel). 
Agonists at « receptors, which are believed to act 
through calcium channels, were unaffected by either 
of the potassium channel blocking drugs discussed 
above. Four types of calcium channels have been 
described, L, N, T and P. The L channel, which is 
blocked by calcium antagonists, such as nifedipine, 
is particularly important in smooth muscle and 
cardiac muscle contraction and is located in some 
neurones. However, it is the N channels, which have 
been identified only in neurones and appear to 
participate in neurotransmitter release, which are 
selectively inhibited by the x agonist, dynorphin A 
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[28]. Only a proportion of N channels are sensitive to 
K agonists. 

Nitric oxide is synthesized by certain mammalian 
cells, including brain cells, as a biological messenger 
molecule which activates guanylyl cyclase. The role 
of this in the central nervous system is unknown, but 
addition of the nitric oxide precursor L-arginine, 
potentiates B endorphin-induced analgesia (or anti- 
nociception), whilst Nw-nitro-L-arginine, an in- 
hibitor of nitric oxide production, prevents ß 
endorphin-induced analgesia [83]. There is also 
some suggestion that a nitric oxide-cyclic GMP 
signalling pathway is involved in peripheral analgesia 
[18], but whether or not this is important for the 
peripheral activity of opioids (discussed below) is 
unclear (fig. 1). 

It is particularly ironic that the only opioid binding 
protein which has been cloned and sequenced at the 
time of writing is not a G protein-coupled receptor. 
Its amino acid sequence places it in the immuno- 
globulin super family, which includes the 
interleukin-6 receptor [53]. This binding protein 
may be relevant to the activities of opioid agonists on 
the immune response, which has been reviewed by 
Sibinga and Goldstein [76]. 


FUNCTIONAL RELEVANCE OF OPIOID RECEPTORS 


As mentioned above, the most important phar- 
macological property of opioid drugs is analgesic 
activity. It is now apparent that opioids exert this 
effect supraspinally, at the level of the brain stem, 
spinally by inhibiting nociceptive input, and per- 
ipherally when pain is produced by inflammation or 
a sympathetic pain syndrome. 

Supraspinal injections of u, k and 6 agonists 
produce naloxone-sensitive analgesia. However, in 
most instances, activation of u receptors may explain 
the analgesic activity observed [14]. However, there 
is evidence that analgesia occurs through activation 
of 6 receptors [33]. The independent supraspinal 
analgesic activity of k receptor activation is uncertain 
and all shades of opinion may be found in the 
literature [14, 49, 60]. While the role of u receptors 
in supraspinal analgesia is accepted unequivocally by 
most authors, the exact mechanism by which this 
effect is achieved is exceedingly murky. There is 
contradictory evidence that morphine both enhances 
and inhibits descending inhibitory control of spinal 
nociceptive pathways (e.g. [1, 15, 24, 26]). Authors 
on both sides of the divide have produced interesting 
hypotheses as to how their findings might explain 
observations concerning the analgesic action of 
morphine. However, few address the problem as to 
why these studies produce opposing views. 

The observation that opioids cause analgesia at a 
spinal site has led to increasing use of extradural or 
spinal administration of opioids for pain relief [22]. 
The maximum pain relief achieved by this route is 
less than that achieved when there is some spread of 
the drug to supraspinal sites, although this spread is 
accompanied by an inevitable increase in side effects, 
such as respiratory depression. Some drugs, such as 
pethidine and fentanyl, possess additional local 
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anaesthetic activity [71] and this may increase their 
ability to produce pain relief via the spinal or 
extradural route [27]. It is most likely that the spinal 
analgesic activity of opioids is mediated via pu 
receptors, as these make up the largest proportion of 
receptors in the spinal cord. These receptors are 
found close to the C-fibre terminals in lamina 1 and 
in the substantia gelatinosa. In addition, all clinically 
used opioids have significant u receptor activity. 
Naloxonazine does not antagonize the analgesic 
activity of u agonists in the spinal cord, although it 
does antagonize supraspinal -induced analgesia. 
This could indicate that u, receptors mediate spinal 
analgesia, whilst supraspinal analgesia is p -mediated 
[68]. However, both u and 6 receptor selective 
agonists inhibit C-fibre activity: this effect is sen- 
sitive to selective receptor antagonists [70]. Very 
small doses of u agonists actually enhance C-fibre 
activity: this effect is not shared by 5 agonists [16]. 
This may be a result of activation of G, proteins (see 
above). It has been suggested that this enhancement 
of C-fibre activity may account for the itching seen 
after spinal opioid injections in man [14]. 

Synergy between the spinal antinociceptive actions 
of u and 6 agonists has been reported by several 
groups [16, 59, 65]. Thus enhanced analgesic efficacy 
of spinal opioids may be obtained by combining 
drugs with u and 6 receptor activity. As with the 
supraspinal site, the role of k receptor activation in 
the production of analgesia is controversial. While 
drugs with x agonist activity produce analgesia at the 
spinal level, many possess activity at other receptors, 
both opioid and non-opioid, which could explain 
their action. For example, trans-3,4-dichloro-N- 
methyl-N-[(2 pyrrolindiny)-cyclohexyl] benzene 
acetamide (U50,488H) has been used as a selective x 
agonist, but it has been shown to have non-opioid 
analgesic effects in vivo [31]. In addition, the x 
antagonist, nor-binaltorphimine, which shows good 
selectivity for x receptors im vitro, requires large 
doses and prolonged exposure to be effective tn vivo 
and may not discriminate between u and K receptors 
[6]. Some studies have even shown an anti-analgesic 
action of dynorphin A, a proposed endogenous 
ligand at « receptors [23]. 

Powerful analgesic effects in inflammatory pain 
may be obtained with opioids acting at peripheral 
receptors. Early experiments failed to demonstrate 
unequivocally that these receptors were truly opioid 
in nature, as antagonist reversibility was question- 
able [21]. Subsequently, evidence was produced 
demonstrating that these peripheral effects were 
stereospecific and naloxone sensitive, suggesting true 
opioid receptors. The use of selective agonists and 
antagonists also suggested that these receptors had 
characteristics resembling p, ô and « receptors [78]. 
Inflammatory mediators, such as prostaglandin E, 
(PGE,), activate adenylyl cyclase via a stimulatory G 
protein causing nociceptor sensitization. Activation 
of u receptors switch off this process via G, and thus 
prevent nociceptor sensitization [50]. Prevention of 
PGE, hyperalgesia is not a property shared by 6 and 
x agonists, but they can prevent bradykinin-induced 
hyperalgesia. Bradykinin induces the release of 
nociceptor sensitizing agents, including the pros- 
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tanoids, from postganglionic sympathetic nerves, 
thus it is thought that ô and x receptors mediating 
peripheral analgesia are situated on the sympathetic 
nerves and prevent the release of noxious mediators 
[81]. These interesting observations prompted a 
study which resulted in the successful use of 
morphine injected intra-articularly for pain relief 
after arthroscopic knee surgery [77], and may mean 
the more extensive use of peripherally applied 
opioids [3]. Indeed reports on the benefits of intra- 
articular morphine are beginning to appear in the 
anaesthetic literature [44]. 

Although a significant proportion of the discussion 
above has concentrated on the possible roles of 6 and 
K receptors in opioid-induced analgesia, it must be 
emphasized that the main analgesic component in 
the activity of presently available opioids is mediated 
via the u receptor. 


INVOLVEMENT OF OTHER NEUROTRANSMITTER 
SYSTEMS 


Pain pathways and their modulation involve many 
neurotransmitters in addition to the endogenous 
opioids. In the recent past, particular attention has 
been focused on the roles of the excitatory amino 
acids, noradrenaline and cholecystokinin, in pain 
pathways and in modulation of opioid analgesic 
activity (table IT). 


Amino acids 

The excitatory amino acids, glutamate and 
aspartate, combine with at least five subtypes 
of receptor, known as N-methyl-D-aspartate 
(NMDA), o-amino-3-hydroxy-5-methyl-isoxazole- 
4-proprionate (AMPA) (previously quisqualate), 
kainate, L-2-amino-4-phosphonobutyrate (L-AP4) 
and metabotropic [87]. These receptors are named 
after selective agonists. The NMDA receptor has 
been characterized the best and is known to be part 
of a ligand-gated ion channel. 

Both glutamate and NMDA produce analgesia 
when injected into the periaqueductal gray matter 
and this effect is not naloxone sensitive. However, 
the competitive NMDA antagonist, (— )~2-amino-7- 
phosphonoheptanoate ((—) AP-7), antagonized the 
actions of both morphine and NMDA at this site 
[40]. It was concluded that morphine disinhibited 
neurones containing NMDA receptors. Systemic 
administration of the non-competitive NMDA re- 
ceptor channel complex antagonist, MK 801 
(dizocilipine), also reduced morphine-induced an- 
algesia [51]. In the nucleus raphae magnus, long 
lasting opioid-induced analgesia was not inhibited 
by NMDA antagonists, but was reduced by a 


TaBe II. Modification of morphine analgesia by opioid and non- 
optoid transmitter systems (see text for details) 
Analgesia reduced Analgesia enhanced 
Dynorphin A (x opioid agonist) 6 opioid agonists 
NMDA antagonists GABA, agonists or enhancers 
Histamine H, antagonists Alpha, adrenoceptor agonists 
CCK agonists CCK-B antagonists 
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selective quisqualate/kainate receptor antagonist, 
indicating the involvement of non-NMDA receptors 
at this site [72]. In contrast, NMDA receptors have 
also been implicated in increases in nociceptive 
responsiveness, that is amplification of noxious 
inputs. Prior administration of opioids prevents this 
hyper-responsiveness [14]. It would appear that the 
co-administration of opioids and NMDA antagonists 
may be useful or harmful, depending on the 
characteristics of the pain being treated! Inhibitory 
amino acids may also have a role in opioid analgesia 
as intrathecal midazolam potentiates morphine in 
doses which are without effect when injected alone 
[91]. In addition, there are clear links between opioid 
receptors and GABA, disinhibition of interneurones 
[19]. 


Monoamines 


Over the past few years, there has been increasing 
interest in the potential use in anaesthesia of drugs 
acting at alpha, adrenoceptors [58]. Agonists at 
alpha, receptors, such as dexmedetomidine, have 
both sedative and analgesic activity and reduce the 
dose requirements for i.v. and inhalation anaesthetics 
and opioid drugs. There is clear synergy between 
opioids and alpha, agonist analgesia and in some 
experimental situations, dexmedetomidine-induced 
analgesic activity has been antagonized by naloxone 
[79]. It is unlikely that this is a result of direct 
stimulation of opioid receptors by dexmedetomidine, 
but it does suggest close links between the two 
systems, at least in the spinal cord. In the locus 
coeruleus, both u opioid receptors and alpha, 
adrenoceptors regulate the same potassium con- 
ductance [46]. Using tail pinch as a method of 
studying analgesia, evidence has been presented that 
x opioid agonists, but not morphine, activate nor- 
adrenergic and serotonergic pathways in mice [48]. 
However, as the authors point out, the method 
of testing for analgesic activity has a significant 
influence on the results obtained in this type of 
experiment. 

Histamine, via its H, receptor, has been suggested 
as a mediator of antinociceptive responses [35]. 
Direct administration of histamine H, antagonists 
into the brain had no effect on baseline nociceptive 
scores, but inhibited the action of morphine. The 
maximum inhibition was 70 to 80% with larger 
doses causing less effect (i.e. a U-shaped dose- 
response relationship) [36]. These findings, which 
were found using two separate tests of anti- 
nociceptive activity, were interpreted as evidence for 
the involvement of histamine in the antinociceptive 
activity of morphine. 


Cholecystokinin 


The cholecystokinin (CCK) group of peptides are 
distributed widely in the brain and periphery. The 
33 amino acid form, CCK-33, is secreted from 
endocrine cells whilst neuronal tissue utilizes the 
octopeptide CCK-8. The A type cholecystokinin 
receptor is found in greater concentrations in the 
periphery than the B type receptor. Rodents have 
relatively few CCK-~A receptors in the brain, but this 
is not true of primates [38]. There are a number of 
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suggestions in the literature that cholecystokinin 
may act as an antagonist system to the endogenous 
opioids. This appears to be specific for the u or K 
opioid system as analgesia elicited by 8 opioid 
receptors [86] or non-opioid mechanisms are not 
affected [30]. Acutely, cholecystokinin antagonists 
and antibodies enhance morphine-induced analgesia, 
but this effect is lost on chronic treatment [45]. 
CCK-B receptors are believed to mediate opioid 
interactions [17], although this may reflect the 
relative lack of CCK-A receptors in rodent brain. It 
has been suggested that endogenous opioid systems 
are engaged when danger is signalled, so that pain 
can be ignored and the chances of survival are 
increased. In contrast, safety signals could switch on 
cholecystokinin systems so that any wounds would 
be attended to promptly [88]. Using this reasoning, 
Wiertelak, Maier and Watkins [88] suggested that 
rapid tolerance to opioids may be expected when 
given in a familiar non-stressful environment. 
In contrast, the fear-provoking environment of 
hospitals may be expected to retard tolerance 
development. 

The cholecystokinin story is complicated by earlier 
reports in the literature that CCK-8, in the absence 
of opioid activity, could produce analgesia when 
injected systemically and centrally [43]. 

In view of the above discussion, it is perhaps not 
surprising that the opioid antagonist naloxone should 
exhibit both analgesic and antanalgesic properties, 
depending on the circumstances [8]. The nociceptive 
state depends on a balance between the activity of all 
opioid peptide systems interacting with its various 
receptors, as well as other neurotransmitters acting 
via opioid and non-opioid systems. As our under- 
standing of the mechanisms of pain and analgesia 
increase, one may only be thankful that man found 
opium by serendipity and used it as an analgesic, 
before trying to discover the mechanisms behind 
pain and analgesia. 


REFERENCES 


1. Advokat C. The role of descending inhibition in morphine- 
induced analgesia. Trends in Pharmacological Sciences 1988; 
9: 330-341. 

2. Amoroso, S, Schmid-Antomarchi H, Fosset M, Lazdunski M. 
Glucose, sulfonylureas and neurotransmitter release: Role of 
ATP-sensitive K* channels. Science 1990; 247: 852-854. 

3. Basbaum AI, Levine JD. Opiate analgesia. How central is a 
peripheral target? New England Journal of Medicine 1991; 
325: 1168-1169. 

4, Beckett AH, Casey AF. Synthetic analgesics: stereochemical 
considerations. Journal of Pharmacy and Pharmacology 1954; 
6: 986-1001. 

5. Bill D, Hartley JE, Stephens RJ, Thompson AM. The 
antinociceptive activity of meptazinol depends upon both 
opiate and cholinergic mechanisms. British Journal of Phar- 
macology 1983; 39: 191—199. 

6. Birch PJ, Hayes AG, Sheehan MJ, Tyers MB. Nor- 
binaltorphimine: antagonist profile at opioid receptors. 
European Journal of Pharmacology 1987; 144: 405—408. 

7. Bodnar RJ, Paul D, Rosenblum M, Liu L, Pasternak GW. 
Blockade of morphine analgesia by both pertussis and cholera 
toxins in the peraqueductal gray and locus coerulus. Brain 
Research 1990; 529: 324-328. 

8. Budd K. Antagonists in anaesthetic practice. In: Atkinson 
RS, Adams AP, eds. Recent Advances in Anaesthesia and 
Analgesia Vol 17. Edinburgh: Churchill Livingstone, 1992; 
157-171. 


10. 


12. 


13. 


14. 


15. 


16. 


17. 


23. 


24. 


25. 


26. 


27. 


29. 


30. 


31. 


BRITISH JOURNAL OF ANAESTHESIA 


. Cheng J, Roques BP, Gacel GA, Huang E, Pasternak GW. x, 


Opiate receptor binding in the mouse and rat. European 
Journal of Pharmacology 1992; 226: 15-20. 
Childers SR. Opioid receptor-coupled second messenger 
systems. Life Sciences 1991; 48: 1991~2003. 


. Clark JA, Lui L, Price M, Hersh B, Edelson M, Pasternak 


GW. Kappa opiate receptor multiplicity: evidence for two 
U50,488-sensitive K, subtypes and a novel x, subtype. 
Journal of Pharmacology and Experimental Therapeutics 1989; 
251: 461-468. 

Cook NS. The pharmacology of potassium channels and their 
therapeutic implications. Trends in Pharmacological Sciences 
1988; 9: 21—28, 

Crain SM, Shen KF. Opioids can evoke direct receptor 
mediated excitatory effects on sensory neurons. Trends in 
Pharmacological Sciences 1990; 11: 77-81. 

Dickenson AH. Mechanism of the analgesic actions of opiates 
and opioids. British Medical Bulletin 1991; 47: 690-702. 
Dickenson AH, Le Bars D. Lack of evidence for increased 
descending inhibition on the dorsal horn of the rat following 
periaqueductal grey morphine microinjections. British 
Journal of Pharmacology 1987; 92: 271~280. 

Dickenson AH, Sullivan AF, Knox R, Zajac JM, Roques BP. 
Opioid receptor subtypes in the rat spinal cord: electro- 
physiological studies with u- and 6-opioid receptor agonists 
in the control of nociception. Brain Research 1987; 413: 
36—44. 

Dourish CT, O'Neill MF, Coughlan OJ, Kitchener SJ, 
Hawley D, Iversen SD. The selective CCK-B receptor 
antagonist L-365,260 enhances morphine analgesia and 
prevents morphine tolerance in the rat. European Journal of 
Pharmacology 1990; 176: 35—44. 


. Duarte IDG, Lorenzetti BB, Ferreira SH. Peripheral an- 


algesia and activation of the nitric oxide-cyclic GMP pathway. 
European Journal of Pharmacology 1990; 186: 289-293. 


. Duggan AW, North RA. Electrophysiology of opioids. 


Pharmacological Reviews 1984; 35: 219-281. 


. Edwards G, Weston AH. Structure-activity relationships of 


K+ channel openers. Trends in Pharmacological Sciences 
1990; 11: 417-422. 


. Ferreira SH, Nakamura M. II Prostaglandin hyperalgesia: 


the peripheral analgesic activity of morphine, enkephalins 
and opioid antagonists. Prostaglandins 1979; 18: 191-200. 


. Fletcher JE. Spinal and epidural opioids. Current Opinion in 


Anaesthesiology 1991; 4: 563—567. 

Fujimoto JM, Arts KS, Rady JJ, Tseng LF. Spinal dynorphin 
A (1-17): Possible mediator of antianalgesic action. Neuro- 
pharmacology 1990; 29: 609-617. 

Gebhart GF, Sandkuhler J, Thalhammer JG, Zimmerman 
M. Stimulation and morphine in the PAG: inhibition in the 
spinal cord of nociceptive information by electrical stimu- 
lation and morphine microinjection at identical sites in the 
mid brain of the cat. Journal of Neurophysiology 1989; 51: 
75-89. 


Gilman AG. G Proteins and regulation of adenylyl cyclase. 


Journal of the American Medical Association 1989; 262: 
1819-1825. 

Gogas KR, Presley RW, Levine JD, Basbaum AI. The 
antinociceptive action of supraspinal opioids results from an 
increase in descending inhibitory control: correlation of 
nociceptive behaviour and c-fos expression. Neurosctence 
1991; 42: 617-628. 

Goodchild CS. Multiple modes of opioid administration: 
Real or imagined advantages. Current Opinion in Anaesthes~ 
tology 1992; 5: 535-539. 


. Gross RA, Macdonald RL. Dynorphin A selectively reduces 


a large transient (N-type) calcium current of mouse dorsal 
root ganglion neurons in cell culture. Proceedings of the 
National Academy of Sciences USA 1987; 84: 5469-5473. 
Hahn EF, Carroll-Buatti M, Pasternak GW. Irreversible 
opiate agonists and antagonists: the 14 hydroxydihydro- 
mophinone azines. Journal of Neurosciences 1982; §: 572—576. 
Han JS, Ding XZ, Fan SG. Cholecystokinin octapeptide 
(CCK-8): antagonism to electropuncture analgesia and a 
possible role in electroacupuncture tolerance. Pain 1986; 27: 
101-105. 

Hayes AG, Birch PJ,Cavicchini E. Evidence that the kappa 
agonist U50488H has non-opioid actions. Journal of Phar- 
macy and Pharmacology 1988; 40: 718-720. 


OPIOID RECEPTORS AND ANAESTHESIA 


32. 


a2. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


46. 


47. 


49. 


50. 


51. 


J2: 


53. 


Heyman JS, Jiang Q, Rothman RB, Mosberg HI, Porreca F. 
Modulation of u mediated antinociception by agonists: 
characterization with antagonists. European Journal of Phar- 
macology 1989; 169: 43—52. 

Heyman JS, Vaught JL, Raffa RB, Porreca F. Can supraspinal 
-opioid receptors mediate antinociception? Trends in Phar- 
macological Sciences 1988; 9: 134-138. 

Hoehn K, Reid A, Sawynok J. Pertussis toxin inhibits 
antinociception produced by intrathecal injection of mor- 
phine, noradrenaline and baclofen. European Journal of 
Pharmacology 1988; 146: 65-72. 

Hough LB. Cellular location and possible function for brain 
histamine: recent progress. In: Kerkut GA, Phillis JW, eds. 
Progress in Neurobiology Vol 30. Oxford: Pergammon Press, 
1988; 469-505. 

Hough LB, Nalwalk JW. Inhibition of morphine anti- 
nociception by centrally administered histamine H2 receptor 
antagonists. European Fournal of Pharmacology 1992; 215: 
69-74. 

Hughes J, Smith TW, Kosterlitz HW, Fothergill LA, 
Morgan BA, Morris HR. Identification of two related 
pentapeptides from brain with potent opiate agonist activity. 
Nature (London) 1975; 258: 577-579. 

Hughes J, Woodruff GN. Neuropeptides, function and 
clinical applications. Arzneimittel Forschung 1992; 42: 
250-255. 

Itzhak Y. Multiple opioid binding sites. In: Pasternak GW, 
ed. The Opiate Receptors. Clifton, New Jersey: The Humana 
Press, 1988; 95-142. 

Jacquet YF. The NMDA receptor: central role in pain 
inhibition in rat periaqueductal gray. Buropean Journal of 
Pharmacology 1988; 154: 271-276. 

Jiang Q, Mosberg HI, Porreca F. Antinociceptive effects of 
[D-Ala*] deltorphin II, a highly selective 6 agonist in vivo. 
Life Sciences 1990; 47: PL43-PL47. 

Jiang Q, Takemori AE, Sultana M, Portoghese PS, Bowen 
WD, Mosberg HI, Porreca F. Differential antagonism of 
opioid delta antinociception by [D-Ala*, Leu, Cys*] en- 
kephalin (DALCE) and naltrindole 5’-isothiocyanate (NTI): 
Evidence for delta receptor subtypes. Journal of Pharmacology 
and Experimental Therapeutics 1991; 257: 1069-1075. 


. Jordan CC. Peptides. In: Webster RA, Jordan CC, eds. 


Neurotransmitters, Drugs and Diseases. Oxford: Blackwell 
Scientific Publications, 1989; 211-264. 


. Joshi GP, Mccarroll SM. Intra-articular morphine for the 


management of frozen shoulder. Anaesthesia 1992; 47: 627. 


. Kellstein DE, Mayer DJ. Chronic administration of chole- 


cystokinin antagonists reverses the enhancement of spinal 
morphine analgesia induced by acute pretreatment. Bratn 
Research 1990; 516: 263-270. 

Koob GF, Bloom FE. Cellular and molecular mechanisms of 
drug dependence. Science 1988; 242: 715-723. 

Kreil G, Barra D, Simmaco M, Erspamer V, Falconierei- 
Espamer G, Negri L, Severini C, Corsi R, Melchiorri P. 
Deltorphin, a novel amphibian skin peptide with high 
selectivity and affinity for opioid receptors. European 
Journal of Pharmacology 1989; 162: 123-128. 


. Kunihara M, Ohyama M, Nakano M. Central monaminergic 


mechanisms in mice and analgesic activity of spiadoline 
mesylate, a selective x-opioid receptor agonist. European 
Journal of Pharmacology 1992; 214: 111-118. 

Leighton GE, Rodriguez RE, Hill RG, Hughes J. x-Opioid 
agonists produce antinociception after i.v. and i.c.v. but not 
intrathecal administration in the rat. British Journal of 
Pharmacology 1988; 93: 553-560. 

Levine JD, Taiwo YO. Involvement of the mu-opiate 
receptor in peripheral analgesia. Neuroscience 1989; 32: 
571-575. 

Lipa SM, Kavaliers M. Sex differences in the inhibitory 
effects of the NMDA antagonist, MK 801, on morphine and 
stress-induced analgesia. Brain Research Bulletin 1990; 24: 
627-630. 

Lodge D, Collingridge G. The Pharmacology of Excitatory 
Amino Acids. A TiPS spectal report. Cambridge: Elsevier 
Trends Journal, 1990. 

Loh HH, Smith AP. Molecular characterization of opioid 
receptors. Annual Review of Pharmacology and Toxtcology 
1990; 30: 123-147. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


69. 


70. 


71. 


72. 


73. 


T4. 


125 


Lord JAH, Waterfield AA, Hughes J, Kosterlitz HW. 
Endogenous opioid peptides : multiple agonists and receptors. 
Nature (London) 1977; 267: 495-499. 

Lufty J, Chang S-CJL, Candido J, Jang Y, Sierra V, Yoburn 
BC. Modification of morphine-induced analgesia and toxicity 
by pertussis toxin. Brain Research 1991; 544: 191-195. 
Martin WR, Eades CG, Thomson JA, Huppler RE, Gilbert 
PE. The effect of morphine and nalorphine-like drugs in the 
non-dependent and morphine-dependent chronic spinal dog. 
Journal of Pharmacology and Experimental Therapeutics 1976; 
197: 517-532. 

Mattia A, Vanderah T, Mosberg HI, Porreca F. Lack of 
antinociceptive cross-tolerance between [D-Pen2, D-Pen5] 
enkephalin and [D-Ala2} deltorphin II in mice: evidence for 
delta receptor subtypes. Journal of Pharmacology and Ex- 
perimental Therapeutics 1991; 258: 583-587. 

Maze M, Tranquilli W. Alpha-2 adrenoceptor agonists: 
defining the role in clinical anesthesia. Anesthesiology 1991; 
74: 581-605. 

Miaskowski C, Sutters KA, Taiwo YO, Levine JD. Anti- 
nociceptive and motor effects of delta/mu and kappa/mu 
combinations of intrathecal opioid agonists. Pain 1992; 49: 
137-144. 

Millan MJ. x-Opioid receptors and analgesia. Trends in 
Pharmacological Sciences 1990; 11: 70-76. 

Miller L, Shaw JS, Whiting EM. The contribution of 
intrinsic activity to the action of opioids in vitro. British 
Journal of Pharmacology 1986; 87: 595-601. 

Mosberg HI, Hurst R, Hruby VJ, Gee K, Yamamura HI, 
Galligan JJ, Burks TF. Bis-penicillamine enkephalins possess 
highly improved specificity towards 5 opioid receptors. 
Proceedings of the National Academy of Sciences USA 1983; 
80: 5871-5874. 

Nock B, Giordano AL, Cicero TJ, O’Conner LH. Affinity of 
drugs and peptides for U-69,593-sensitive and -insensitive 
kappa opiate binding sites: the U-69,593-insensitive site 
appears to be the beta-endorpin-specific epsilon receptor. 
Journal of Pharmacology and Experimental Therapeutics 1990; 
254: 412-419. 

Ocana M, Del Pozo E, Barrios M, Robles LI, Baeyens JM. 
An ATP-dependent potassium channel blocker antagonizes 
morphine analgesia. European Journal of Pharmacology 1990; 
186: 377-378. 

Omote K, Kitahata LM, Collins JG, Nakatani K, Nakagawa 
I. The antinociceptive role of u- and 6-opiate receptors and 
their interactions in the spinal dorsal horn of cats. Anesthesia 
and Analgesia 1990; 71: 23-28. 

Parenti M, Tirone F, Giagnoni G, Pecora N, Parolaro D. 
Pertussis toxin inhibits the antinociceptive action of morphine 
in the rat. European Journal of Pharmacology 1986; 124: 
357-359. 

Pasternak GW. High and low affinity opioid binding sites: 
relationship to mu and delta sites. Life Sciences 1982; 31: 
1303—1306. 


. Paul D, Bodnar RJ, Gistrak MA, Pasternak GW. Different u 


receptor subtypes mediate spinal and supraspinal analgesia in 
mice. European Journal of Pharmacology 1989; 168: 307-314. 
Paul D, Pick CG, Tive LA, Pasternak GW. Pharmacological 
characterization of nalorphine, a kappa 3 analgesic. Journal of 
Pharmacology and Experimental Therapeutics 1991; 257: 1~7. 
Porreca F, Mosberg HI, Hurst R, Hruby VJ, Burks TF. 
Roles of mu, delta and kappa opioid receptors in spinal and 
supraspinal mediation of gastrointestinal transit effects and 
hot-plate analgesia in the mouse. Journal of Pharmacology and 
Experimental Therapeutics 1984; 230: 341-348. 

Power I, Brown DT, Wildsmith JAW. The effect of fentanyl, 
meperidine and diamorphine on nerve conduction in vitro. 
Regional Anesthesia 1991; 16: 204-208. 

van Praag H, Frenk H. The role of glutamate in opiate 
descending inhibition of nociceptive spinal reflexes. Brain 
Research 1990; 524: 101-105. 

Quiron R, Bowen WD, Itzhak Y, Junien JL, Musacchio JM, 
Rothman RB, Su T-P, Tam W, Taylor DP. A proposal for 
the classification of sigma binding sites. Trends in Phar- 
macological Sciences 1992; 13: 85-86. 

Quiron R, Chicheportiche R, Contreras PC, Johnson KM, 
Lodge D, Tam SW, Woods JH, Zukin SR. Classification and 
nomenclature of phencyclidine and sigma receptor sites. 
Trends in Neurosciences 1987; 10: 444-446. 


126 


75. 


76. 


TI. 


78. 


79. 


80. 


8i. 


83. 


Rang HP, Dale MM. Pharmacology, 2nd Edn. Edinburgh: 
Churchill Livingstone, 1991. 

Sibinga NES, Goldstein A. Opioid peptides and opioid 
receptors in cells of the immune system. Annual Review of 
Immunology 1988; 6: 219-249. 

Stein C, Comisel K, Haimer] E, Yassouridis A, Lehrberger 
K, Herz A, Peter K. Analgesic effect of intraarticular 
morphine after arthroscopic knee surgery. New England 
Journal of Medicine 19913; 325: 1123—1126. 

Stein C, Millan M, Shippenberg TS, Peter K, Herz A. 
Peripheral opioid receptors mediating antinociception in 
inflammation. Evidence for involvement of mu, delta and 
kappa receptors. Journal of Pharmacology and Experimental 
Therapeutics 1989; 248: 1269-1275. 

Sullivan AF, Kalso EA, McQuay HJ, Dickenson AH. The 
antinociceptive actions of dexmedetomidine on dorsal horn 
neuronal responses in the anaesthetised rat. European Journal 
of Pharmacology 1992; 215: 127-133. 

Suzuki T, Funada M, Narita M, Misawa M, Nagase H. 
Pertussis toxin abolishes u- and -opioid agonist-induced 
place preference. European Journal of Pharmacology 1991; 
205: 85-88. 

Taiwo YO, Levine JD. x- and 6-opioids block sympath- 
etically dependent hyperalgesia. Journal of Neuroscience 1991; 
11: 928-932. 


. Takemori AE, Ho BY, Naeseth JS, Portoghese PS. Nor- 


binaltorphimine, a highly selective kappa opioid antagonist. 
Journal of Pharmacology and Experimental Therapeutics 1988; 
246: 255-258. 

Tseng LF, Yu JY, Pieper GM. Increase of nitric oxide 
production by L-arginine potentiates i.c.v. administered B- 


85. 


87. 


89. 


91. 


92. 


BRITISH JOURNAL OF ANAESTHESIA 


endorphin-induced antinociception in the mouse. European 
Journal of Pharmacology 1992; 212: 301-303. 


. Vergoni AV, Scarano A, Bertolini A. Pinacidil potentiates 


morphine analgesia. Life Sciences 1992; 50: 135-138. 
Walker JM, Bowen WD, Walker FO, Matsumoto RR, De 
Costa B, Rice KC. Sigma receptors: Biology and function. 
Pharmacological Reviews 1990; 42: 355-402. 


. Wang X-J, Wang X-H, Han J-S. Cholecystokinin octapeptide 


antagonized opioid analgesia mediated by u- and K- but not 6 
receptors in the spinal cord of the rat. Brain Research 1990; 
523: 5-10. 

Watson S, Abbott A. TiPS Receptor Nomenclature Sup- 
plement. Cambridge: Elsevier Science Publishers Ltd, 1991. 


. Wiertelak EP, Maier SF, Watkins LR. Cholecystokinin 


antianalgesia: Safety cues abolish morphine analgesia. Science 
1992; 256: 830-833. 

Wild KD, Vanderah T, Mosberg HI, Porreca F. Opioid 6 
receptor subtypes are associated with different potassium 
channels. European Journal of Pharmacology 1991; 193: 
135-136. 


. Wuster M, Schulz R, Herz A. Specificity of opioids towards 


the u, 5 and o opiate receptors. Neuroscience Letters 1989; 15: 
193-198. 

Yanez A, Sabre MB, Stevens CW, Yaksh TL. Interactions of 
midazolam and morphine in the spinal cord of the rat. 
Neuropharmacology 1990; 29: 359-364. 

Zukin RS, Eghbali M, Olive D, Unterwald EM, Tempel A. 
Characterization and visualization of rat and guinea pig brain 
K opioid receptors: Evidence for x, and x, opioid receptors. 
Proceedings of the National Academy of Sciences USA 1988; 
85: 4061-4065. 


British Journal of Anaesthesta 1993; 71: 127-133 


GABA RECEPTORS AND BENZODIAZEPINES 


C. S. GOODCHILD 


From an historical standpoint, the development of 
our understanding of basic mechanisms of the actions 
of gamma aminobutyric acid (GABA) and benzo- 
diazepines began on separate paths. Classical phar- 
macology revealed similarity between the actions of 
GABA and benzodiazepines in the central nervous 
system. Furthermore, pharmacological experiments 
with selective agonists and antagonists indicated that 
there exists subtypes of both GABA and benzo- 
diazepine receptors and that the actions of the 
benzodiazepines are produced by modulation of 
GABA effects. Thus the two paths of research on 
GABA and benzodiazepines had crossed in ex- 
plaining the effects of benzodiazepines by an 
interaction with GABA, receptors that were located 
on the same macromolecular complex. More re- 
cently, this interaction has been elucidated further 
by the cloning of subunits of GABA, receptors: the 
interaction between GABA and benzodiazepines is 
now being explained at a molecular level. 


GABA 


Hayashi first proposed GABA as an inhibitory 
neurotransmitter in the mammalian central nervous 
system in 1954. This was based on the observed 
presence of the amino acid in the brain and the 
anticonvulsant properties of the compound when 
injected into animals. Supporting evidence for this 
concept came when GABA was extracted from the 
central nervous system, identified chemically and 
shown to have inhibitory actions on the nervous 
system [3, 25]. In mammals, GABA is present almost 
exclusively in the central nervous system, although 
small amounts may be found in other areas such as 
autonomic ganglia. It is a simple amino acid molecule 
which is formed by decarboxylation of L-glutamic 
acid’ by the enzyme glutamic acid decarboxylase 
(GAD). This enzyme is found only in the cytoplasm 
of neurones containing GABA. 

Although distributed widely in the central nervous 
system, the concentration of GABA varies in dif- 
ferent regions with the greatest concentrations found 
in basal ganglia, hippocampus, cerebellum and 
hypothalamus in the brain, and in the substantia 
gelatinosa of the dorsal horn of the spinal cord. 
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Large concentrations are found also in the cere- 
bellum and retina. GABA in the retina is localized 
mostly in the horizonal cell layer where it is 
responsible for lateral inhibition. 

Most GABAergic neurones are interneurones, 
with short axons and local connections. Generally 
the actions of GABA within the central nervous 
system are inhibitory. This effect is achieved by an 
increase in chloride conductance [4, 24, 30, 31]. Pre- 
and postsynaptic effects have been described. For 
example, GABA has long been known to produce 
presynaptic inhibition by hyperpolarization of af- 
ferent terminals in the spinal cord [16]. This effect 
is shown in figure 1. The GABAergic interneurone 
releases GABA onto a primary afferent fibre before it 
makes a synaptic contact. The effect of this is to 
cause hyperpolarization of the primary afferent fibre. 
This effect may be recorded from the cut central 
ends of these primary afferent fibres as a “‘ dorsal root 
potential”. The hyperpolarization decreases the 
central propagation of the action potential. Thus less 
excitatory primary afferent neurone transmitter is 
released onto the postsynaptic neurone. 
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Fic. 1. GABAergic presynaptic inhibition. The shaded inter- 

neurone releases GABA onto the presynaptic terminal (P). DRP 

=x Dorsal root potential; VR = ventral root; Ps = postsynaptic 
cell; Stim = stimulation; REC = recording electrodes. 
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Pharmacological studies have indicated functions 
for GABA within the central nervous system in the 
induction of sleep, control of neuronal excitability / 
epilepsy, anxiety, memory and hypnosis. Evidence 
for the involvement of GABA in these widely varying 
functions comes from the effects of the compound 
itself when injected into animals, and also from the 
effects of drugs that either alter the synthesis or 
metabolism of GABA or act at postsynaptic GABA 
receptors. Thus glutamic acid decarboxylase inhibi- 
tors lead to reduction in brain concentrations of 
GABA. This ultimately leads to convulsions. Drugs 
which block the reuptake of GABA from the 
subsynaptic cleft back into the presynaptic terminal, 
such as diaminobutyric acid, lead to increased 
concentrations of GABA. Such drugs possess anti- 
convulsant and sedative properties. Bicuculline and 
picrotoxin, which bind to the postsynaptic GABA 
receptor, are convulsants in large doses and in 
smaller doses alter memory. 


Hypnosis 


‘The sedative and hypnotic effects of GABA were 
the main properties of interest to early researchers. 
Sedation was found to be of anaesthetic interest. For 
example, Galindo [26] showed that halothane poten- 
tiates the inhibitory action of GABA in the cuneate 
nucleus. These observations led to one of the theories 
of anaesthetic action, that is potentiation of central 
nervous system depression by GABA. Other an- 
aesthetic drugs are known to interact with GABA in 
this respect: propofol [50], barbiturates [1, 23, 69] 
and neurosteroids [52]. 


Epilepsy 

The role of GABA in the prevention of epilepsy is 
now well established. Many of the conventional 
drugs used in the management of epilepsy are known 
to interact with GABA receptors (vide infra for 
benzodiazepines, barbiturates and neurosteroids). 
Sodium valproate is thought to produce its anti- 
convulsant action by reducing the metabolism of 
GABA. More recently introduced drugs include 
GABA analogues such as vigabatrin [32]. 


Anxiety 

Anti-anxiety effects of GABA in animals are 
reduction in aggression and increase in social 
behaviour, thus allowing the animals to be handled 
more easily. This action of GABA is thought to be a 
result of interaction with 5-hydroxytrytamine (5- 
HT) in the limbic system. These interactions are 
known to occur at a number of sites within the 
nervous system [48] and also explain the anxiolytic 
effects of 5-HT, receptor antagonists [14, 15]. It is 
interesting to note that GABA, receptor subunit 
mRNA (vide infra) are increased by social stress in 
animals [35]. This observation indicates that this is a 
real physiological role for GABA. 


Memory 

The first evidence for involvement of GABA 
mechanisms in memory storage and retention came 
from the observation that systemic picrotoxin, which 
is an antagonist at the postsynaptic GABA receptor, 
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enhanced both these functions [9, 13, 41, 42]. In- 
volvement of the GABA, subtype receptor in the 
laying down of memory has also been indicated by 
the observation that microinjections of the GABA, 
receptor agonist baclofen, impair memory [12]. 


Two subtypes of GABA receptors have been 
suggested by classical pharmacological experiments 
and these have been denoted GABA, and GABA,. 
‘They are characterized by different rank orders of 
potencies of available agonists for each of these two 
receptors and selective action of antagonists. GABA 
binds to both types of receptor. Baclofen is a potent 
GABA mimetic selective for the GABA, receptor; it 
is inactive at the GABA, receptor. Muscimol and 
isoguavacine are potent GABA mimetics selective 
for the GABA, subtype. Although the GABA, 
subtype is of primary interest to this review because 
this is responsible for benzodiazepine actions, 
GABA, receptors will be considered briefly. 


GABA, receptors 


GABA, binding sites were described first in 
peripheral tissue preparations in which they were 
located presynaptically on autonomic nerve terminals 
[5]. However, further studies indicated a similar 
presynaptic location in central nervous system 
neurones, with functions being diminished release of 
amines, neuropeptides, hormones and excitatory 
amino acids, as well as GABA via autoreceptors (i.e. 
GABA, receptor binding presynaptically on a 
GABAergic neurone leads to diminished release of 
gamma aminobutyric acid from that neurone) [68]. 

GABA, and GABA, binding sites may be demon- 
strated in the central nervous system by auto- 
radiography. The distribution of the two receptor 
subtypes is quite different. GABA, receptors are 
located both presynaptically on nerve terminals and 
postsynaptically in many brain regions, as well as in 
the dorsal horn of the spinal cord. In the spinal cord 
dorsal horn, 50 % of GABA, binding sites have been 
reported to be associated with small diameter 
primary afferent fibres [56]. 

The functional role of GABA, receptors in the 
central nervous system is still understood poorly. 
‘The wide distribution in the nervous system suggests 
they are likely to have many effects. One therapeutic 
benefit of GABA, agonists is control of spasticity. 
Baclofen (GABA, agonist) given orally or intra- 
thecally, reduces spasticity and prevents flexor 
spasms in a number of different neurological dis- 
orders. This is thought to be a result of interruption 
of mono- and polysynaptic spinal reflexes [17]. 


GABA, receptors 


GABA, receptors are stimulated by GABA, 
muscimol and isoguavacine. Molecular biological 
studies performed in the past decade indicate that 
the A subtype of GABA receptor may be a group of 
different receptors rather than a single entity. Four 
types of subunits have been described: a, B, y and 6 
[2, 28, 75]. Combinations of these subunits produce 
macromolecular complexes which include a chloride 
ion channel. It has been noted that there are many 
similarities with the nicotinic acetylcholine receptor. 
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It has been proposed that the GABA, receptor has a 
similar structure (i.e. a pentameric form). Com- 
bination of GABA and a GABA, subtype receptor 
leads to an increase in chloride conductance and 
subsequent hyperpolarization of the postsynaptic 
membrane. 

Multiple variants exist within each of these classes: 
six a, three B, two y and one ò [36, 44, 58, 73]. 
Analysis of GABA receptors within the retina have 
yielded two other subunits, p1 and p2. Each of the 
subunits contains an N-terminal segment of approxi- 
mately 200 amino acids and four hydrophobic 
membrane-spanning segments. Each of these four 
segments is connected to the others by short 
hydrophilic segments of amino acids, except for the 
third and fourth which have a longer segment that 
may be phosphorylated by intracellular cyclic AMP- 
dependant protein kinase (protein kinase A). This 
opens up the possibility for a large number of 
interactions with other drugs that may alter in- 
tracellular cyclic AMP levels, such as: opioids (u and 
5); purinoceptors; alpha, adrenoceptors (subtypes 
A and B); beta adrenoceptors; dopamine D1 and 
D2; GABA,, 5-HT (subtypes 1A, 1B and 
1D); muscarinic; cholinergic (M2); prostanoid DP 
receptors; and neurophysin and oxytocin receptors 
(subtype V,) [47]. 

Co-expression studies using cloned GABA, sub- 
unit variants in mammalian cells have led to 
combinations of subunit that respond to GABA, and 
this response may be modulated by benzodiazepines 
[43,57]. The presence of a y subunit confers 
benzodiazepine sensitivity [37]. Less well defined 
actions at GABA, receptors have also been described 
for barbiturates and neurosteroids (e.g. alphaxalone, 
alphadolone, both constituents of Althesin, and 
pregnanolone, currently in phase I trials as an i.v. 
anaesthetic) [11], 21, 33, 55, 59, 74]. Although it is 
possible to make a number of different combinations 
of these subunits, apart from the alteration in 
benzodiazepine specificity and sensitivity (wide infra), 
the functional significance of this diversity has yet to be 
elucidated [49]. 


BENZODIAZEPINES 


The first clinically useful benzodiazepine, chlor- 
diazepoxide hydrochloride, was discovered in 1957 
after a search for compounds with sedative and 
anxiolytic properties related to 4,5-benzo-hept- 
1,2,6-oxdiazines, compounds known since 1891 [66]. 
These chemicals lend themselves readily to modifi- 
cation by organic chemists so that a large number of 
related compounds were synthesized. Three basic 
types of structure exit: basic 1—4 benzodiazepines, 
such as diazepam and lorazepam (see fig. 2); 
heterocyclic 1-4 benzodiazepines, such as triazolam 
(fig. 2); 1-5 benzodiazepines, such as clobazam 
(fig. 2). 

All of these compounds possess similar properties, 
that is reduction of anxiety, sedation and anti- 
convulsant properties. However, the 1-5 benzo- 
diazepines have been found to be less sedative. 
These drugs also have significant muscle relaxant 
properties, without any effect on coordination. This 


129 


í N 
PO 


7N 
Diazepam O) 


a e P | O C Thazolam | o 
N 
O "O 


Fic. 2. Molecular structure of three benzodiazepines. 


latter effect may be because of an antianxiety action, 
but is probably mediated also by potentiation of the 
effects of GABA on spinal and supraspinal motor 
reflexes. As the dose of benzodiazepine is increased, 
anxiolytic effects are produced first followed by 
anticonvulsant effects and then a reduction in muscle 
tone, followed by sedation and hypnosis. The 
similarity between these effects and those of GABA 
was obvious. It was logical to look to GABA to 
explain the therapeutic effects of this group of 
compounds. 


GABA~BENZODIAZEPINE INTERACTION 


Before Davidoff’s suggestion of a role for GABA in 
mediation of presynaptic inhibition [16], Schmidt, 
Vogel and Zimmerman [62] showed that diazepam 
increased the amplitude of the dorsal root potential, 
and enhanced monosynaptic ventral root responses. 
Polc and colleagues [53] investigated this further and 
showed an interaction between diazepam and GABA. 
Benzodiazepines alone lack GABA mimetic effects. 
However, they have been shown to enhance the 
effects of GABA in numerous regions in the central 
nervous system, for example spinal cord, cerebellum, 
hippocampus, cuneate nucleus, cerebral cortex, 
hypothalamus, amygdala and brain stem raphe nuclei 
[34, 69]. 


Benzodtazepine receptors 

Specific high affinity benzodiazepine binding sites 
were demonstrated in the central nervous system in 
1977 [7, 46]. These specific binding sites are located 
on neurones within the central nervous system, but 
also on non-neuronal tissues, perhaps glia. The 


_ function of these is unknown [20]. Binding studies 


with agonists and antagonists promoted the concept 
of these recognition sites as functional receptors. 
Drugs acting stereospecifically with this receptor 
may be classified as selective agonists (e.g. flu- 
nitrazepam) that potentiate GABA effects, inverse 
agonists, such as DMCM or Ro194603 that produce 
exactly opposite effects (proconvulsant) and an- 
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tagonists, such as flumazenil, that stereospecifically 
block the effects of either agonists or inverse agonists. 
A strong correlation between binding and phar- 
macological activity has been reported. 

Haefely suggested that a GABA, receptor, benzo- 
diazepine receptor and chloride ionophore formed 
one macromolecular complex in order to explain 
experimental observations that benzodiazepines 
were not GABA mimetic per se, but potentiated the 
effects of binding with GABA, receptors in operat- 
ing a chloride channel [24, 29, 63]. Not all GABA 
receptors are coupled to benzodiazepine receptors; 
this macromolecular complex forms a subset of 
GABA, receptors. This subspecialization of GABA, 
receptors with respect to the benzodiazepines goes 
further. The first indications of this came from the 
pharmacological profile of agonists at the benzo- 
diazepine receptor. 

Two subtypes of benzodiazepine receptor were 
suggested originally. The benzodiazepine, subtype 
(high affinity for triazolopyridazines) is found 
throughout the brain with large concentrations in the 
cerebellum. The benzodiazepine,,; type was found 
principally in the cerebral cortex, spinal cord and 
hippocampus. These distributions were derived 
from the differential binding of the triazolopy- 
ridazine CL 218772, leading to displacement of 
[7H]benzodiazepine binding, particularly in the 
hippocampus. Beta carbolines tended to react with 
benzodiazepine receptors in the cerebellum [54]. In 
addition, CL 218872 appeared to possess anxiolytic 
effects with only mild sedation. Therefore, anxiolysis 
was ascribed to the benzodiazepine, site [39]. 

Finally, multiple subunits associated with the 
receptor labelled with ([*H]flunitrazepam were 
demonstrated [64]. These four proteins had different 
molecular masses of 51, 53, 55 and 59kDa. The 
smaller molecular mass protein had a greater affinity 
for CL 218872 and this had a different region 
distribution to the others, a distribution which 
coincided with the benzodiazepine,. Cloning experi- 
ments have subsequently elucidated further on this 
heterogeneity of benzodiazepine-GABA, receptor 
complexes. 


Molecular biology experiments 

Experimental studies using specific antibodies 
raised against subunit variants of GABA, receptors 
have shown that the 51 kDa protein, labelled with 
radiolabelled benzodiazepine, is the «1 subunit: the 
53 kDa protein is the o2 subunit and the 59 kDa 
protein corresponds to the «3 subunit [10, 65]. 
Pritchett, Luddens and Seeburg [57] analysed the 
pharmacological characteristics of GABA, receptors 
produced by recombining subunits, each moiety 
containing a single a subunit isoform. They com- 
bined different a subunits with B1 and y2 in isolated 
human kidney cells. They then evaluated the binding 
characteristics of the subsequently formed GABA, 
receptors. Receptors containing the a1 subunit 
behaved like benzodiazepine, receptors, that is they 
had high affinity for CL 218872 and the beta 
carbolines. Those GABA, receptors which con- 
tained a2 or o3 subunits behaved like benzo- 
diazepine,, receptors. 
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Fic. 3. Yenn diagram showing the effect on benzodiazepine 

pharmacology of the a subunit in combination with B2 y2 

subunits. Subunits inside the same shape have similar phar- 
macology (see text for explanation and details). 


Further experiments with other a subunits com- 
bined with B2 and y2 along similar lines revealed a 
multiplicity of GABA, receptors and benzodiazepine 
affinities. These are summarized in figure 3. The 
largest circle contains « subunits that produce 
GABA, receptors which bind muscimol. Polygon 2 
contains all those that confer high affinity for 
diazepam while the circle labelled 3 contains those 
that have a low affinity for diazepam. ‘The a1 subunit 
(circle labelled 4) confers benzodiazepine, phar- 
macology (i.e. high affinity for CL 218872 and 
zolpidem). Ellipse 5 contains receptors with benzo- 
diazepine,, pharmacology. Those receptors contain- 
ing the «5 subunit also behaved like benzodiazepine 
receptors, but were different from the benzodi- 
azepine,,; receptors containing a2 and «3 subunits 
because these recombinant receptors had a different 
rank order of affinity for zolpidem and CL 218872 
[53]. The «6 isoform of the GABA, receptor has an 
extremely small binding affinity for benzodiazepines. 
It is found in the cerebellar granule cell layer [40]. 
This subtype may be involved in the pharmaco- 
logical effects of ethanol. 

Although this new molecular biological evidence 
has brought together the pharmacology of GABA 
and the benzodiazepines, the obvious question to ask 
concerns the functional significance in vivo of these 
in vitro studies. The messenger RNA for the six 
different a subunits are known and have been 
mapped within the mammalian central nervous 
system. It has been shown that the subunits have 
different topographical distributions [38, 71, 72]. 
The differences in these distributions may indicate 
different types of GABA receptor associated with 
different functions. As yet, this remains to be realized 
in the development of a drug specially selected for 
anxiety, lacking sedative and muscle relaxant effects. 

Recent pharmacological experiments with the 
GABA, antagonist bicuculline indicated separate 
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Fic. 4. Bicuculline dose-response curves for suppression of the 
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roles for different GABA, receptors in spinal 
antinociception [27]. In these experiments, nocicep- 
tive thresholds were measured in the tail of the rat 
after equipotent intrathecal injections of either 5- 
HT or the benzodiazepine midazolam. It is known 
that intrathecal midazolam produces spinally medi- 
ated antinociceptive effects by combination with 
spinal cord benzodiazepine receptors and this may 
be antagonized by intrathecal bicuculline [22]. Thus 
midazolam spinally mediated antinociception is 
mediated by a typical benzodiazepine-GABA in- 
teraction. A dose-response curve for bicuculline 
suppression of midazolam antinociceptive effect 
revealed that the dose of bicuculline required to 
produce 50% suppression of midazolam spinal 
antinociception was approximately 50 pmol (fig. 4) 
[22]. 

Similar experiments with 5-HT spinal anti- 
nociception revealed that bicuculline could also 
block the antinociceptive effect of intrathecal 5-HT 
[27]. However, the dose-response curve for bi- 
cuculline in producing this effect was 2.5 decades to 
the left of that required to block the effects of 
midazolam (i.e. bicuculline 0.1 pmol was required to 
produce approximately 50% suppression of 5-HT 
spinal antinociception (fig. 4)). These widely separ- 
ated bicuculline dose-response curves may indicate 
that there exists in the spinal cord two types of 
GABA, receptor involved with spinal antinocicep- 
tion. This differential effect of bicuculline on 
GABA, receptors has hitherto not been described. 
Bicuculline tends to be used to define a receptor such 
as the GABA, subtype, but no dose-response studies 
have been performed in vitro that confirm or refute 
this differential sensitivity. 


ENDOGENOUS BENZODIAZEPINES 


Naturally occurring substances that bind to benzo- 
diazepine receptors were isolated from animals and 
man as long ago as 1980 [6, 19]. These substances, 
however, did not become established as endogenous 
neurotransmitters active at the benzodiazepine re- 
ceptor because the chemistry used for extraction 
tended to produce artefacts. The beta carbolines, 
however, are probably produced in the brain and it 
is well established that the enzyme systems for their 
production are present. These substances are inverse 
agonists that cause anxiety and convulsions when 
injected into animals. Better extraction systems, 
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thought not to produce artefacts, have led to the 
extraction of n-butyl-beta-carboline-3-carboxylate 
(beta CCB) from bovine brain [45,51]. This com- 
pound varies in concentration in the brain according 
to stress levels [51]. These data suggest that beta- 
CCB is an endogenous inverse agonist active at 
benzodiazepine receptors, perhaps involved in the 
control of stress. 

Agonist substances have also been extracted from 
brain. These are surprisingly similar to the benzo- 
diazepines developed for use as drugs. For example, 
De Blas, Park and Friedrich purifed desmethyl- 
diazepam from brain extracts [18]. An obvious 
interpretation of these results is that the animal had 
somehow ingested benzodiazepines. However, San- 
gameeswaran and co-workers also detected benzo- 
diazepine immunoactivity in brains of animals and 
humans that died long before the introduction of the 
benzodiazepines [61]. These findings have been 
confirmed by many other groups using different 
extraction procedures and different tissue sources. 
The “endozepines” have been purified from rat and 
human brain [60]. These extracts were shown to 
modulate GABA activated Cl” conductance in 
isolated human cortical neurones. The diazepam- 
like substance has even been reported to be confined 
to synaptic vesicles [45]. 

It is still uncertain if these endozepines are 
naturally occurring neurotransmitters. These sub- 
stances have been isolated also from common 
foodstuffs [67, 70] thus throwing further doubt on 
their neurotransmitter role. However, an in vivo 
mechanism for the formation of 1-4 benzodiazepines 
has been described [8]. 


CONCLUSION 


Benzodiazepines produce their sedative, hypnotic, 
anxiolytic, anticonvulsant and antinociceptive effects 
by interactions with GABA. The benzodiazepines 
modulate the effects of GABA at the subset of 
GABA, receptors. These are ligand-gated chloride 
ion channels, probably consisting of five subunits. 
The subunit composition varies in different parts of 
the brain, although the variations in subunit struc- 
ture have not been linked with different functions. 
The type of « subunit determines the benzodiazepine 
pharmacology—anxiolytic or sedative. Each sub- 
unit consists of a chain of amino acids with four 
hydrophobic segments that span the lipid cell 
membrane. The intracellular chains joining these 
membrane-spanning segments may be phosphory- 
lated by intracellular phospholipases. This may lead 
to modulation of the effect of both benzodiazepines 
and GABA binding on the cell surface part of the 
receptor. Many interactions of the benzodiazepine 
GABA complex with other drugs and neurotrans- 
mitters altering intracellular cyclic AMP concen- 
trations are possible. Among these are the opioids, 
that are well known by anaesthetists to potentiate the 
sedative effects of the benzodiazepines. 

‘There are many possibilities for different subunit 
structures of the GABA, receptors which respond to 
benzodiazepines. The existence and function of 
endogenous benzodiazepines is controversial but it 
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may be that some specialization of GABA,— 
benzodiazepine receptors provides more specific 
targets for these endogenous compounds. 
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EXCITATORY AND INHIBITORY SYNAPTIC MECHANISMS IN 


ANAESTHESIA 


G. POCOCK AND C. D. RICHARDS 


The administration of inhalation anaesthetic agents 
is followed by a series of behavioural changes that 
were first described systematically by Guedel for 
diethyl ether [49]. The patient passes through stages 
of analgesia and delirium to reach the unconscious- 
ness of the lighter planes of surgical anaesthesia. The 
precise pattern of behavioural change varies from 
agent to agent, and this has caused a great deal of 
confusion regarding the precise definition of general 
anaesthesia. In essence, we administer general anaes- 
thetics during surgery to block both the perception 
of stimuli, particularly painful stimuli, and the 
accompanying reflex motor responses. General an- 
aesthesia is therefore characterized by loss of con- 
sciousness and reduction in reflex activity. As the 
functional unit of reflex activity is the neurone and as 
the overall pattern of nervous activity is governed by 
the functional connections between neurones, we 
may assume that anaesthetics act by modulating 
information processing in neural networks. This 
review is concerned with the mechanisms that 
underpin this modulation and updates an earlier 
article on the same subject [109]. 

In the early part of this century, Sherrington [132] 
stressed the importance of the synapse in CNS 
processing. Since then, the details of synaptic 
transmission within the CNS have gradually been 
unravelled. The principal events may be summarized 
as follows: a nerve cell receives information by way 
of synaptic contacts all over the dendrites and cell 
body. Impulses travelling in the presynaptic fibres 
invade the terminal branches to depolarize the nerve 
endings. This depolarization leads to the opening of 
the voltage-gated calcium channels and an influx of 
calcium into the terminal. The subsequent increase 
in intracellular calcium is the trigger for the 
exocytotic secretion of transmitter substance from 
the nerve terminal. The released transmitter diffuses 
across the synaptic cleft and binds to specific receptor 
sites on the postsynaptic membrane. Activation of 
the receptors results in a change in the permeability 
of the membrane to particular ions, which in turn 
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leads to a change in membrane potential and to 
excitation or inhibition of the next neurone of the 
network, depending on the nature of the synapse 
under investigation. This brief outline describes the 
classical view of synaptic transmission as a mediator 
of fast events, such as spinal reflexes. 

Receptors linked directly to ion channels are 
adapted to fast signalling, but it is now known that 
synaptic contacts may exert a more subtle long-term 
modulation of excitability. This modulation operates 
generally via second messengers such as cAMP and 
IP3. For example, noradrenaline interacts with two 
different classes of receptor, one class activates 
adenylate cyclase (beta adrenoceptors) and the other 
inhibits adenylate cyclase (alpha . adrenoceptors) 
[106]. Similarly, the response of muscarinic acetyl- 
choline receptors depends upon the receptor sub- 
type. M1, M3 and M5 receptors activate phospho- 
lipase C and generate diacylglycerol and inositol 
triphosphate (IP3) while M2 and Mé4 receptor 
activation is associated with inhibition of adenylate 
cyclase [40]. Many other CNS transmitters (e.g. 
dopamine, substance P, 5-HT) are now thought to 
activate second messenger systems. Nevertheless, 
both fast and slow synaptic events ultimately modu- 
late specific ion channels and alter the level of 
excitability of the postsynaptic neurones. The 
resulting pattern of action potentials encodes in- 
formation for transmission to the other neurones in 
the network via other synaptic contacts. Nerve 
terminals themselves are subject to modulation by 
presynaptic axonal contacts via presynaptic inhib- 
ition [129]. Moreover, axons branch during their 
course and the spatial pattern of impulses is subject 
to modulation as changes in threshold at branch 
points may result in different patterns of impulse 
activity in different nerve branches. As with altera- 
tions to the temporal pattern of activity, changes in 
the spatial pattern of activity has consequences for 
information processing by the CNS [113]. The 
schematic drawing in figure 1 outlines the principal 
anatomical features that underpin neural processing. 

After the early studies of Sowton and Sherrington 
[139], several workers investigated the actions of 
anaesthetics on synaptic transmission in the spinal 
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Fig. 1. Schematic diagram of the organization of a synaptic relay 
within the CNS. 


cord and brain. General anaesthetics have been 
found to depress excitatory synaptic transmission at 
concentrations likely to be found in the brain during 
surgical anaesthesia [16, 70, 115, 121, 123, 135, 136, 
152]. The effects of anaesthetics on inhibitory 
synaptic transmission are more varied, as both 
depression [34, 39, 88, 133] and enhancement [7, 34, 
92, 94, 95, 130, 131] have been reported. 

From this brief outline of synaptic processing, it is 
clear that anaesthetics may act at a number of 
different sites. To reduce transmission through a 
synaptic relay, anaesthetics may either depress 
excitation or enhance inhibition. Excitation may be 
depressed in several ways: by block of action 
potential propagation, by enhancing presynaptic 
inhibition, by depressing the release of excitatory 
transmitters or by depressing the response of the 
postsynaptic receptors. Anaesthetics may enhance 
postsynaptic inhibition by increasing the release of 
inhibitory neurotransmitters or by augmenting the 
response of postsynaptic receptors. Modulation of 
synaptic activity results in a change in information 
processing in the brain. In addition, it is possible 
that anaesthetics may act directly on postsynaptic 
neurones by modulating excitability. This could be 
achieved by increasing directly the threshold for 
action potential discharge. Alternatively, anaes- 
thetics may modulate the resting conductance of the 
postsynaptic membrane and so change the membrane 
potential. Finally, anaesthetics may modulate pat- 
terns of action potential discharge, either at the point 
of initiation or at axon branch points. 

To determine precisely how anaesthetics affect 
information processing in the CNS, we need to 
investigate systematically the action of anaesthetics 
on each of the processes mentioned above. We will 
be concerned chiefly with two questions: (1) What 
changes in information processing occur during 
anaesthesia? (2) What cellular and molecular 
mechanisms are responsible for these changes? 

We will focus mainly on the action of anaesthetics 


on fast synaptic transmission as this area has received 
most experimental study. 


ACTIONS OF ANAESTHETICS ON EXCITATORY SYNAPTIC 
TRANSMISSION 
Impulse propagation 

Do anaesthetics depress excitatory synaptic trans- 
mission by block of impulse conduction in the 
presynaptic nerve fibres? The early studies of 
Bremer and Bonnet [13,16] and Larrabee and 
Posternak [70] showed that impulse conduction in 
axons was unaffected largely by a variety of an- 
aesthetic agents at concentrations ordinarily required 
for surgical anaesthesia. Synaptic events, however, 
were decreased significantly by concentrations of 
anaesthetics within the clinically relevant range. As 
Larrabee and Posternak have shown, however, these 
events were only 5-10 times more sensitive to 
inhibition than impulse conduction. Thus in com- 
parison with very specific blockers of synaptic 
transmission, such as atropine, curare or propranolol, 
anaesthetics are not very selective inhibitors of 
synaptic activity. More recent work by Somjen 
(135, 136], Weakly [152] and Richards and co- 
workers [115, 117, 118, 121, 123, 124] has confirmed 
that synaptic transmission in the CNS is significantly 
more sensitive to depression by most anaesthetic 
agents than is action potential propagation. 

Although this evidence suggests strongly that a 
decrease in action potential propagation is unlikely 
to occur in nerve trunks during general anaesthesia, 
some workers have suggested that a reduction in 
action potential amplitude in nerve terminals may 
lead to a decrease in excitatory synaptic transmission 
(9, 36]. If this were so, in carefully chosen ex- 
perimental situations it should be possible to mimic 
the effects of general anaesthetics by the application 
of nerve blocking agents, such as procaine or 
tetrodotoxin. Detailed examination of the synaptic 
potentials evoked by electrical stimulation of afferent 
pathways in the olfactory cortex and hippocampus 
has shown that a wide variety of general anaesthetics 
depress excitatory synaptic transmission with no 
significant change, either in the amplitude of the 
focally recorded action potential or in the latency of 
onset of the excitatory postsynaptic potentials 
(EPSPS) [9, 115,117, 121, 124]. Similar expert- 
ments performed with nerve blocking agents show 
changes in both, as expected [118] (see fig. 2). 

At large concentrations of anaesthetic, such as 
those experienced briefly during induction of general 
anaesthesia, propagation of impulses may be im- 
paired, especially at points with small safety factors, 
such as fine axon branches. Evidence that this may 
occur has recently come from work by Berg-Johnsen 
and Langmoen [9] who found that impulse con- 
duction in the small unmyelinated fibres (0.1-0.2 pm 
diameter) of the rat hippocampus was far more 
sensitive to block by isoflurane than impulse con- 
duction in the myelinated fibres of the fimbria (1 pm 
diameter). If such a block were to occur at small 
concentrations of other anaesthetics, it would con- 
tribute to depression of excitatory synaptic trans- 
mission. Although this does not appear to be the case 
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Fic. 2. Comparison of the effects of pentobarbitone (P) 0.3 mmol litre!, procaine (PR) 0.5 mmol litre! and 

tetrodotoxin (TTX) 2 x 10-8 mol litre! on impulse conduction and synaptic transmission in the olfactory cortex. 

The inset figure shows how the amplitude and latency (Lat.) of the lateral olfactory tract action potential (Lot AP) were 

measured (filled and open symbols, respectively). The rate of rise of the EPSP field potential (pop. EPSP) is used as 
an index of excitatory synaptic transmission (X) (reproduced from [118] with permission). 


for the majority of clinically useful agents, there is 
evidence that this mechanism may contribute to the 
actions of agents in addition to isoflurane [77, 125]. 
For example, large concentrations of propanidid 
(0.3 mmol litre!) depress synaptic transmission in 
the olfactory cortex, and parallel with this effect is a 
small decrease in action potential amplitude and an 
Increase in its latency [125]. The actions of anaes- 
thetics on human sodium channels incorporated into 
artificial bilayers have been studied by Urban and 
colleagues [146]. Most general anaesthetics produce 
little modulation of sodium channel activity at 
concentrations likely to be found in the brain during 
anaesthesia, but propofol is an exception and may 
have a similar action to propanidid and isoflurane. 
While there is no doubt that general anaesthetics 
reduce action potential propagation in nerve axons, 
the point at issue is whether or not this effect is 
responsible principally for the reduction in ex- 


citatory synaptic transmission. From the evidence 
discussed above, it appears that, during general 
anaesthesia, most anaesthetics act mainly to disrupt 
the process of chemical transmission and do not 
depress excitatory synaptic activity by a partial block 
of impulse conduction in the presynaptic nerve 
axons. 

If anaesthetics do not depress excitatory synaptic 
transmission via block of impulse conduction, how 
do they act? Clearly, to depress excitatory synaptic 
transmission, anaesthetics must decrease the release 
of transmitter from presynaptic nerve terminals, 
depress the sensitivity of the postsynaptic receptors 
to released transmitter, or both. 


Anaesthetic action on the release of neurotransmitters 


The early work of Matthews and Quilliam [84] 
showed that clinically relevant concentrations of 
amylobarbitone decreased the amount of acetyl- 
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choline released from sympathetic ganglia by elec- 
trical stimulation of the preganglionic nerves. Other 
central depressants had a similar effect. The ex- 
citatory amino acids aspartate and glutamate, are 
thought to be the main transmitters for fast ex- 
citatory synaptic transmission in the CNS. Anaes- 
thetics have been shown to depress the release of 
glutamate and aspartate evoked from brain tissue 
slices by direct depolarization with potassium 
[25, 64,87, 111]. The extent of the decrease in 
transmitter secretion is dose-dependent, although 
not all agents exert a powerful depressant action. 
Unfortunately, these studies cannot simply be taken 
at face value as depolarization by potassium also 
reverses electrogenic transport of glutamate [62]. 
More unambiguous data concerning the action of 
anaesthetics on neurosecretion have been obtained 
from studies on adrenal chromaffin celis. These cells 
are homologous with sympathetic postganglionic 
neurones and the potassium-evoked secretion of 


catecholamines is analogous to neurosecretion caused 
by invasion of the nerve terminal by an action 
potential (see fig. 3). A wide variety of anaesthetic 
agents have been found to depress the catecholamine 
secretion evoked by potassium, both in intact adrenal 
glands [45, 46,57] and in isolated chromaffin cells 
[107, 108] (fg. 4). As discussed below, chromaffin 
cells have provided a valuable experimental model in 
which to investigate the action of anaesthetics on 
neurosecretion in great detail. 

Electrophysiological evidence that barbiturates 
cause a reduction in the release of neurotransmitters 
from central synapses comes from a study by Weakly 
[152] who found that small doses of thiopentone and 
pentobarbitone decreased the quantal content of 
EPSP in motor neurones without changing the 
amplitude of miniature EPSP. Ether [160], and 
halothane and thiopentone [69] have subsequently 
been reported to have a similar action. This work 
will be discussed further when the relative im- 
portance of presynaptic and postsynaptic effects of 
anaesthetics is assessed. 

How do anaesthetics inhibit the release of neuro- 
transmitter substances from nerve terminals? It is 
unlikely that decreases in transmitter release can be 
attributed to alterations in the content of neuro- 
transmitters within the nerve terminals, as the total 
content either remains unchanged (for example, 
glutamate, aspartate and GABA [111]) or is in- 
creased, as in the case of acetylcholine [28]. Never- 
theless, Bangham and Mason [5] have suggested that 
anaesthetics may deplete vesicular transmitter stores 
by dissipating the proton gradient across their surface 
membrane. In answer to this possibility, Akeson and 
Deamer [2] have shown that anaesthetics do not 
cause major depletion of catecholamines from iso- 
lated chromaffin granules. Furthermore, this mech- 
anism would predict increased leakage of catechol- 
amines from chromaffin cells rendered leaky to small 
molecules (e.g. by exposure to high voltage electrical 
discharge) (electropermeabilized cells). The exper- 
imental evidence, however, does not support this 
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view, as Pocock and Richards [107, 108, 110] have 
found that a variety of anaesthetics did not increase 
significantly the leakage of catecholamines from 
either intact or electropermeabilized cells. The 
weight of evidence, therefore, suggests that anaes- 
thetics do not deplete presynaptic vesicular stores of 
transmitter. 

After an action potential depolarizes the nerve 
terminal, there is an increase in free calciurn which is 
believed to trigger the release of transmitter 
[4, 63, 143]. As discussed above, calcium enters the 
merve terminal through voltage-gated calcium 
channels (see fig. 3). Anaesthetics could either 
depress the evoked transmitter secretion by a direct 
effect on these channels or disrupt the intracellular 
events leading to exocytosis. Using electroperm- 
eabilized chromaffin cells, Pocock and Richards 
[107, 108, 110] found no evidence to suggest that 
anaesthetics altered the relationship between in- 
tracellular free calcium and catecholamine secretion. 
Moreover, since the depression of potassium-evoked 
catecholamine secretion caused by most anaesthetic 
agents was paralleled closely by inhibition of calcium 
influx (e.g. fig. 4), they concluded that anaesthetics 
inhibit the secretion of catecholamines by inhibiting 
calcium entry. Data consistent with this interpret- 
ation have recently been reported for the action of 
volatile anaesthetics on stimulus—secretion coupling 
in PC12 and GH3 tumour cell lines [67, 140]. In 
addition, barbiturates depress the potassium-evoked 
calcium influx of synaptosomes [12]. 

In chromaffin cells, halothane [108, 156] had 
little depressant effect on either potassium-evoked 
calcium influx or catecholamine secretion of 
chromaffin cells, except at large concentrations 
(> 1 mmol litre+). A similar finding has recently 
been reported for the action of halothane on the 
potassium-evoked efflux of aspartate from cerebral 
cortex slices [3]. These findings raise some difficulties 
in accounting for the depressant action of halothane 
on synaptic transmission. At many synapses, in- 
cluding those of the olfactory cortex and hippo- 
campus, glutamate is the putative transmitter and 
yet halothane has no significant depressant effect on 
the sensitivity to glutamate [26, 122]. Ketamine [142] 
also has little inhibitory effect on potassium-evoked 
catecholamine secretion from chromaffin cells or 
on potassium-evoked transmitter release from 
synaptosomes [103]. 

In contrast to the action of halothane on 
chromaffin cells and brain slices noted above, Kress 
and co-workers [67] found that halothane inhibits 
both catecholamine secretion and the increase in 
intracellular free calcium that follows depolarization 
of PC12 cells, with IC,, values of approximately 
0.75 mmol litre. Differences in the properties of 
the calcium channels of the various tissues may 
account for the difference in sensitivity to halothane. 
Kress and co-workers [67] noted that the voltage- 
gated calcium channels of transformed cells may not 
be modulated in the same way as those of nerve 
endings or primary neurosecretory cells, such as 
chromaffin cells. They point out that in heart muscle, 
the L type calcium channels are modulated by a 
cAMP and Ca-dependent protein kinase [30], while 
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the L type calcium channels of PC12 cells and chick 
dorsal root ganglion cells are modulated by protein 
kinase C, which is activated by diacylglycerol [99]. 
From the evidence reviewed above, we conclude 
that most general anaesthetics depress the depolar- 
ization-induced secretion of transmitters. This de- 
crease in transmitter secretion is caused by inhibition 
of calcium influx through voltage-gated calcium 
channels, Anaesthetic modulation of the exocytotic 
machinery does not appear to be important. 
Anaesthetic action on calcium currents. The release 
of neurotransmitters and many other aspects of 
neural function are regulated by calcium ions 
[4, 65, 81, 143]. The action of anaesthetics on cal- 
cium currents is therefore of some importance in 
understanding the mechanism of anaesthesia. The 
first studies were made in Helix neurones [97, 98] 
where pentobarbitone was found to inhibit voltage 
activated calcium currents by increasing the rate of 
voltage-dependent inactivation. Later, pento- 
barbitone was found to decrease calcium currents in 
cultured dorsal root ganglion cells [154]. These 
observations are consistent with the depressant 
action of anaesthetics on calcium influx, but were 
made before the various subtypes of calcium 
channels had been described. We now know that 
there are at least four types of voltage-gated calcium 
channels, L, N, P and T. The L, N and T subtypes 
were described first in chick dorsal root ganglion 
cells [101]. The P channels were described later and 
are found in cerebellar Purkinje cells [71]. The 
different subtypes may be distinguished by sen- 
sitivity to various inhibitors and by electro- 
physiological characteristics. The role of the 
different subtypes in regulating neural function is 
still being clarified, but N type channels have been 
implicated in the regulation of transmitter release 
[86]. Gross and MacDonald [48] examined the action 
of pentobarbitone on the calcium currents of cul- 
tured dorsal root ganglion neurones and found that 
while pentobarbitone affected the large threshold 
calcium currents it had little effect on the small 
threshold T current. The rate of inactivation of the 
large threshold currents was increased and the 
amplitude depressed. Herrington and colleagues [55] 
investigated the action of halothane on the calcium 
currents of GH3 cells and found that, as with the 
action of pentobarbitone on dorsal root ganglion 
neurones, halothane had little effect on T currents 
but inhibited the large threshold L currents with an 
IC,, value of 0.5 mmol litre-!. In adrenal chromaffin 
cells, currents caused by both N and L channels have 
been observed [14, 15, 22, 53] but no currents caused 
by T channels were found. Charlesworth, Pocock 
and Richards [23] have shown that methohexitone 
and methoxyflurane inhibit directly the currents 
caused by activation of calcium channels of the N 
and L types at concentrations similar to those 
required to inhibit the calctum influx evoked by 
direct depolarization. There was no evidence to 
suggest a selective action on either N or L channels. 
The local anaesthetic procaine, was much less 
effective in depressing voltage activated calcium 
currents in accord with its weak inhibitory effect on 
potassium-evoked catecholamine secretion [21]. 


EXCITATORY AND INHIBITORY SYNAPTIC MECHANISMS IN ANAESTHESIA 139 


Effects of anaesthetics on excitatory postsynaptic 
receptors 


As we have mentioned previously, in addition to 
depressing transmitter secretion, anaesthetics may 
decrease excitatory synaptic transmission by actions 
on postsynaptic receptors. Early studies showed that 
anaesthetics depress the response to applied ex- 
citatory agonists [7, 26, 27, 122]. In this section, we 
consider the actions of anaesthetics on fast excitatory 
mechanisms and on slow synaptic modulation, 
exemplified by muscarinic excitation of cortical 
neurones. 

The amino acids aspartate and glutamate, are 
thought to be important excitatory neurotransmitters 
in the CNS [59, 68, 150] and the action of anaes- 
thetics on their receptors has received attention. 
Early studies by Crawford and Curtis [27] showed 
that barbiturates reduced the sensitivity of neurones 
in the cerebral cortex to iontophoretically applied 
glutamate. Later studies confirmed this finding and 
showed that this was also true for other anaesthetic 
agents [26, 121, 122,128]. These receptors, how- 
ever, were resistant to depression by halothane 
at concentrations within the anaesthetic range 
(26, 122]. 

Since these studies were performed, at least three 
subtypes of ionotropic glutamate receptor have been 
described and named after their preferred agonists: 
N-methyl-D-aspartate (NMDA), kainate and quis- 
qualate [150,151]. More recently, the quisqualate 
receptor has been renamed the AMPA receptor as 
AMPA  (a-amino-3-hydroxy-5-methylisoxazole-4- 
propionic acid) has been found to be a much more 
specific agonist [151]. At glutaminergic synapses, the 
AMPA and kainate subtypes are thought generally 
to mediate fast excitatory synaptic transmission and 
NMDA to mediate slower events, including modu- 
lation of synaptic efficacy [85]. In addition to the 
ionotropic receptors, a metabotropic glutamate re- 
ceptor linked to a G protein has been described 
which, when activated, leads to an increase in 
intracellular IP3 and diacylglycerol [85]. 

To date, there has been little detailed investigation 
of the action of anaesthetics on the subtypes of 
excitatory amino acid receptor. Ketamine, phencyc- 
lidine, ethanol and diethyl ether have been shown 
preferentially to depress responses of the NMDA 
subclass [72, 73, 153], whereas barbiturates depress 
the sensitivity of neurones to all three agonists with 
quisqualate/kainate activation showing the greatest 
sensitivity [128, 153]. Oocytes injected with mRNA 
from rat brain express kainate receptors and the 
response of these cells to kainate is depressed by 
phenobarbitone [31]. 

In an attempt to discover the general rules by 
which anaesthetics influence receptor function, 
Quastel and Gage and their colleagues have made a 
detailed study of the decay of end-plate currents 
[41, 42, 104]. Both groups found that many anaes- 
thetics prolonged the time course of the decay phase 
of the current. Detailed study of the effects of a 
variety of agents revealed significant differences in 
the manner by which different anaesthetics modulate 
the decay of end-plate currents [104] and suggests 


that not all agents act in precisely the same way. 
Various models of receptor block by anaesthetics 
have been proposed and will be discussed later. 

Neuronal nicotinic acetylcholine receptors are 
now known to occur throughout the CNS and many 
isoforms have been identified using the techniques 
of molecular biology [127]. The nicotinic receptor 
found in bovine chromaffin cells is similar in its 
physiological properties to the nicotinic receptor of 
sympathetic ganglion cells [29, 82,83] and anaes- 
thetics exert a powerful depressant effect on the 
catecholamine secretion of chromaffin cells that is 
evoked by nicotine agonists [45, 46, 57, 107, 108, 
142]. The inhibition of carbachol-evoked catechol- 
amine secretion by pentobarbitone and methoxy- 
flurane is non-competitive and is associated with 
inhibition of the evoked influx of both sodium and 
calcium ions [107, 108]. 

Acetylcholine receptors in the brain are pre- 
dominantly muscarinic [68] and are thought to 
mediate slow synaptic excitation and inhibition by 
modulating potassium conductances [18, 47, 50]. 
The effects of anaesthetics on this class of acetyl- 
choline receptor have been studied by Smaje [134] 
who showed that volatile anaesthetics enhanced the 
response to ionophoretically applied acetylcholine 
whereas alphaxalone depressed it. Pentobarbitone 
had no consistent effect on muscarinic excitation. 
More recently, Puil and el Beheiry [112] found that 
pentobarbitone and isoflurane inhibited the mus- 
carinic response of neocortical neurones. The reason 
for this apparent discrepancy is not clear, but we 
now know that at least five types of muscarinic 
receptor exist in the brain (M1-M5). Activation of 
the odd series (M1, M3, M5) activates phospholipase 
C and leads to the generation of IP3. Activation of 
the even series (M2, M4) leads to inhibition of 
adenylate cyclase [40]. In some neurones, M2 
muscarinic receptor activation inhibits M type 
potassium channels and causes depolarization 
[18, 106]. There is at present no information con- 
cerning the interaction of anaesthetics with specific 
subtypes of the muscarinic receptor and this is an 
important area for future study. 


ANAESTHETIC ACTIONS ON INHIBITORY SYNAPTIC 
TRANSMISSION 


The actions of anaesthetics on inhibitory synaptic 
transmission are more complex than those on 
excitatory synaptic transmission. In general, bar- 
biturates have been found to enhance both pre- 
synaptic and postsynaptic inhibition [7, 34, 44, 90, 
92, 94, 95], although other anaesthetics, such as 
ether, may depress inhibition [34, 39, 158]. Recent 
studies on brain stem neurones have described a 
variety of responses to the action of general anaes- 
thetics on synaptic mechanisms [133]. Halothane 
depresses predominantly both excitation and in- 
hibition [133, 158], while barbiturates appear to 
depress excitation but enhance inhibition [133]. The 
variable effects of anaesthetics on synaptic inhibition 
probably reflects the fact that excitation of inhibitory 
interneurones within nerve networks is potentially 
susceptible to anaesthetic block. This block would 
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Fic. 5. Effect of enflurane 0.58 mmol litre™! on GABA activated chloride currents in cultured hippocampal neurones 
(A). Enflurane increases the amplitude of the chloride current from approximately —350 pA to approximately 
— 600 pA (B) and increases the time constant for current decay (C) (reproduced with permission from [61]). 


prevent the synaptic activation of inhibitory inter- 
neurones. 

In spite of the apparent complexity of the effects of 
anaesthetic on inhibition in the CNS, the cellular 
mechanisms that underpin both excitation and 
inhibition are essentially the same. The difference 
between excitatory and inhibitory synapses resides 
in the different nature of their transmitters and in the 
characteristics of the inhibitory receptor—channel 
complex. The fact that anaesthetics may enhance or 
depress inhibition depending on the pathway under 
consideration is inconsistent with the idea that 
general anaesthetics depress synaptic transmission 
by generalized block of action potential propagation 
in nerve terminals. 


Anaesthetic action on the release of inhibitory 
transmitters 


In the CNS the major inhibitory neuro- 
transmitters are thought to be the amino acids 
GABA and glycine: GABA is the predominant 
inhibitory transmitter in the brain and glycine 
predominates in the spinal cord [68]. While little is 
known of the effects of anaesthetics on synapses 
utilizing glycine as a neurotransmitter, the action of 
anaesthetics on synapses thought to utilize GABA 
has received considerable attention. 

As the underlying mechanism of neurosecretion is 
believed to be the same whatever transmitter is being 
secreted, it is not surprising that general anaesthetics 
have a depressant action on the release of GABA, the 
principal inhibitory transmitter in the brain 
[60, 64, 87]. This is consistent with the action of 
anaesthetics on the secretion of excitatory trans- 
mitters. Nevertheless, some authors have reported 
that anaesthetic concentrations of barbiturates in- 
crease GABA secretion [25, 111]. The reasons for 
this discrepancy are not clear but, in intact brain 
tissue, the interpretation of such studies is com- 


plicated by the fact that these amino acids are 
involved widely in cerebral metabolism. 


Action of anaesthetics on inhibitory postsynaptic 
receptors 


It is probable that anaesthetics depress neuro- 
transmitter release at both excitatory and inhibitory 
synapses, but this is yet to be clarified fully (see 
above). If this is true, however, the enhancement of 
inhibition may be attributed to interactions between 
anaesthetic agents and the postsynaptic GABA 
receptor—channel complex. GABA receptors are now 
known to be of two classes: GABA, receptors 
possess an integral chloride channel and mediate the 
fast inhibitory postsynaptic potentials (IPSP) while 
GABA, receptors mediate slower late IPSP and 
appear to be G protein linked metabotropic receptors. 
These interactions of anaesthetics with what are 
now classified as GABA, receptors have received 
considerable attention in recent years. Pentobar- 
bitone has been shown to prolong and intensify 
the hyperpolarizing action of GABA in frog 
motoneurones [93] and in mouse cortical neurones 
[7], and alphaxalone has been reported to have a 
similar action [6]. This increase in the effect of 
GABA does not result from a decrease in uptake [60] 
and is probably the result of increase in chloride 
conductance. In agreement with this, Jones, Brooks 
and Harrison [61] have shown that enflurane, 
halothane and isoflurane augment the chloride 
currents evoked by application of GABA (see fig. 5). 
In addition, enflurane has been found to modulate 
the response of hippocampal neurones to GABA in a 
biphasic manner: slow responses to exogenously 
applied GABA were blocked while rapid responses 
were potentiated [17, 90]. Measurements of chloride 
channels activated by GABA in single chromaffin 
cells have supported the view that anaesthetics 
increase chloride conductance [76,105] and have 
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shown that barbiturates could activate directly 
chloride conductances in some cells, a finding 
confirmed recently by others [58]. 


HOW DO ANAESTHETICS MODULATE RECEPTOR 
FUNCTION ? 


There are three possible mechanisms by which 
anaesthetics may depress the response to excitatory 
agonists: they may desensitize the receptor in some 
manner and reduce the number of active channels, 
they may reduce the specific conductance of the 
channels or they may reduce the time for which the 
channels are open. Any combination of these three 
mechanism is also possible. There is evidence from 
studies on the nicotinic receptor of Torpedo electro- 
plax [35, 54, 159] that certain anaesthetics may 
desensitize the receptor to acetylcholine. For 
barbiturates, this appears to result from an increase 
in high affinity binding of acetylcholine to the 
receptor from which it is slow to dissociate. 

In contrast to their depressant effects on excitatory 
synaptic transmission, barbiturates generally aug- 
ment the response to GABA and increase the affinity 
of the GABA receptor for GABA by an allosteric 
effect which modulates the kinetics of the associated 
ion channel [102, 144]. This view has received some 
support from recent biophysical studies of GABA 
channel kinetics (see below). The effects of 
anaesthetics on the affinity of other neurotransmitter 
receptors are not known. 


Anaesthetic modulation of ton channel kinetics 


Adams [1] showed some years ago that barbit- 
urates and procaine depressed the second of a pair of 
closely spaced end-plate potentials much more 
effectively than the first. He proposed that this 
occurred because the anaesthetics blocked prefer- 
entially ion channels in the open conformation. This 
model proposes that anaesthetics enter the open 
channel and block it. The blocked channel must then 
open before it can return to the closed state. This is 
called the sequential blocking model and a number 
of predictions about the kinetics of channel block 
may be derived from this model [21, 43]. These 
predictions can be tested readily using patch-clamp 
recording techniques [52]. These predictions are 
met largely when the acetylcholine receptor of the 
neuromuscular junction is exposed to small concen- 
trations of the lignocaine derivative QX 222 [91]. 
The model does not, however, account for the effect 
of barbiturates [43] on these channels or for the 
action of ketamine, volatile anaesthetics and alcohols 
on the nicotine receptors of mouse tumour cell lines 
[32, 147-149]. While most anaesthetics did not 
reduce the specific conductance of the channel, short 
chain alkanols did (fig. 6). Dilger and Brett [32] have 
proposed a modification to the sequential blocking 
model which permits the blocked channel to enter a 
further long-lived blocked state (see also [89]). This 
extended block model accounts for much of the 
action of anaesthetics on the muscle nicotinic 
receptor, including the apparent reduction in single 
channel amplitude which results from a rapid 
alteration between the open and blocked states that is 
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Fic. 6. Correlation between the concentration of anaesthetic 
required for general anaesthesia and the IC,, (umol litre!) for 
inhibition of catecholamine (CA) secretion evoked by potassium 
(©) and carbachol (@). Note that the IC,, values for carbachol- 
evoked secretion cluster more closely around the line of identity 
than the IC,, values for direct depolarization. M = Minaxalone; 
A = alphaxalone; K = ketamine; PB = pentobarbitone; H = 
halothane; MF = methoxyflurane; I = isoflurane; E = enflurane. 
(Data from [107, 108, 142] and unpublished experiments.) 


too fast to resolve with present recording techniques 
[32]. 

It may be argued that, as general anaesthetics do 
not produce muscle paralysis, their interaction with 
the nicotinic channels of muscle may not be 
representative of their effects on other agonist- 
operated channels, as it is well known that neurones 
possess a different type of nicotinic receptor to that 
of muscle. Neuronal nicotinic receptors are found on 
adrenal chromaffin cells and are readily accessible to 
experimental investigation. Patch-clamp studies of 
this receptor show a pattern similar to that for the 
neuromuscular receptor. Pentobarbitone [58] and 
procaine [21] reduced the time for which the 
channels were open. Detailed analysis of the action 
of procaine suggested that neither the sequential 
blocking model nor the extended block model would 
adequately explain how the anaesthetic reduced the 
lifetime of the open channel [21]. 

As we have already indicated, fast synaptic 
excitation in the CNS is attributable, to a large 
extent, to glutaminergic synapses. The action of 
anaesthetics on the subtypes of the glutamate 
receptor is beginning to be explored. Small con- 
centrations of isoflurane have been reported to 
decrease the probability of channel opening without 
a significant effect on the mean open time of channels 
gated by NMDA, but greater concentrations 
(> 1 mmol litre) also reduce mean open time 
[155]. Alkanols have similar effects [80]. Dissociative 
anaesthetics, such as ketamine, appear to block open 
NMDA channels preferentially and this block is 
both voltage- and use-dependent [51, 56, 74, 75]. In 
this case, it is proposed that the channel closes while 
the anaesthetic is bound. Dissociation of the an- 
aesthetic from the blocked state is very slow and the 
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number of blocked channels accumulates as the 
preparation is activated repeatedly [51,75]. Use- 
dependent local anaesthetic block of open voltage- 
gated sodium channels operates in a similar way 
[20, 141]. Detailed kinetic analyses of the action of 
other anaesthetics on NMDA receptors are needed 
as are studies of the action of anaesthetics on other 
glutamate receptor subtypes. 

One of the most dramatic and remarkable effects 
of many anaesthetics is their potentiation of GABA- 
mediated inhibition. It is now clear that this 
potentiation results from a direct action of anaes- 
thetics on GABA activated channels. Two studies 
have investigated the anaesthetic modulation of 
GABA, channel kinetics. MacDonald, Rogers and 
Twyman [76] found evidence to suggest that GABA, 
channels have three different modes of opening and 
that pentobarbitone appeared to increase the relative 
frequency of the opening mode with the longest 
duration. This has the effect of increasing the mean 
open time of the channel and prolongs the duration 
of groups of openings known as “bursts” [76]. 
Halothane has been reported to show a similar action 
[157]. 


ANAESTHETICS AND SECOND MESSENGER SYSTEMS 


Clearly, anaesthetics as a group, affect profoundly 
the function of ion channels at concentrations within 
the clinical range. The depressant effects of anaes- 
thetics may be explained by a decrease in the time for 
which excitatory channels remain open, while the 
enhancement of inhibition may be explained by an 
increase in channel conducting time. These two 
effects are mutually reinforcing. 

Although the detailed mechanisms remain to be 
resolved, it is becoming increasingly clear that the 
effects of anaesthetics on synaptic transmission may 
be explained best by direct interactions between the 
anaesthetics and the channel proteins [32, 89, 149], 
in line with earlier hypotheses of anaesthetic action 
[37, 119, 120]. This suggests that ion channels may 
represent a major target for anaesthetic molecules. 
Nevertheless, many channels, including calcium and 
potassium channels, are modulated by phosphoryl- 
ation by protein kinases [114] and by systems linked 
to second messengers, such as cAMP and cGMP 
[33]. For these channels, it is important to determine 
if anaesthetics act directly or via modulation of 
second messenger systems. For example, MacIver, 
Tanelian and Mody [79] have suggested that pento- 
barbitone and halothane may in fact act via separate 
mechanisms to enhance GABA, activated chloride 
conductances in hippocampal neurones. Halothane 
may act to prolong spontaneous inhibitory post- 
synaptic currents as a consequence of an increase in 
intracellular calcium, as its actions are blocked if 
cells are filled with the calctum chelator BAPTA. In 
contrast, the effects of pentobarbitone could not be 
blocked by BAPTA and were attributed to direct 
interactions between the anaesthetic and the channel. 

GH3 cells are of interest as TRH-evoked prolactin 
secretion has two components: an early component 
as a result of activation of phospholipase C and a 
later component as a result of opening of voltage- 
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gated calcium channels. Activation of phospholipase 
C leads to the generation of two second messengers, 
diacylglycerol and IP3. The IP3 causes release of 
calcium from stores within the cell and triggers 
secretion. Stern and colleagues [140] have examined 
the action of halothane on GH3 cells and found that 
the early IP3 activated increase in intracellular free 
calcium (Ca,) was not inhibited readily by halothane, 
while the component of the Ca, increase as a result of 
calcium influx was inhibited with an IC,, value 
of 0.4 mmol litre. The insensitivity of the IP3 
activated increase in intracellular free calcium to 
halothane reported by Stern and co-workers [140] is 
supported by the work of Kress and colleagues [67] 
on PC12 cells. In these cells, as elsewhere [24, 40], 
muscarinic stimulation induces secretion by increas- 
ing [P3 which in turn increases intracellular calcium. 
Kress and co-workers found that muscarinic stimu- 
lation of PC12 cells was not inhibited by a variety of 
volatile anaesthetics. 

Some time ago it became clear that while anaes- 
thetics did not reduce cerebral energy concentrations 
measured by ATP and creatine phosphate [11], they 
did modulate the concentrations of cyclic nucleotides 
[145] at least at large concentrations. The sig- 
nificance of these changes in modulating neural 
function is yet to be established, but such inter- 
actions clearly require further investigation. 


ANAESTHETIC ACTIONS ON POSTSYNAPTIC 
EXCITABILITY 


In principle, in addition to their synaptic actions 
discussed above, anaesthetics may modulate the 
electrical excitability of meurones directly. Early 
studies indicated that anaesthetics had little effect on 
the threshold for action potential generation 
[115, 117, 135, 136, 152] or on the resting membrane 
potential [123, 128, 136, 152]. There is some evi- 
dence, however, that certain general anaesthetics 
may modulate the ionic conductances of the resting 
membrane of CNS neurones [10, 38, 93, 96], this 
effect being particularly notable with the barbiturates 
[93, 96] and isoflurane [10, 138]. In addition to these 
effects on the resting membrane, some anaesthetics 
appear to block accommodation in hippocampal 
neurones. This property is shown by enflurane, 
halothane, isoflurane and ketamine [78, 137, 138] and 
is probably mediated, at least in part, by modulation 
of potassium channel activity [38,50]. This action 
may account for the reported increase in excitability 
of some neurones in the presence of isoflurane and 
enflurane [8, 78] and for the changes in firing pattern 
described by Fujiwara and co-workers [39] and 
earlier authors [100, 116, 121, 126]. 


CHANGES IN THE PATTERN OF AXONAL ACTIVITY 


The widely accepted view that anaesthetics disrupt 
synaptic transmission does, however, ignore the 
possibility that they may exert more subtle influences 
on the temporal and spatial pattern of impulse 
propagation. As Raymond, Shin and Stefensen 
pointed out [113], the passage of a nerve impulse 
produces oscillations in membrane excitability and 
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alterations in the conduction velocity of succeeding 
impulses, which may last for an appreciable time. 
This being so, impulse conduction through axon 
branch points may affect nerve coding as the subsets 
of terminals invaded by a nerve impulse may vary, 
depending on the local level of excitability. This 
possibility has been investigated by Raymond and 
colleagues [19,113] who found that while small 
concentrations of halothane and enflurane increase 
the threshold for impulse conduction they depress the 
increase in threshold that follows the passage of short 
high frequency trains of nerve impulses. Moreover, 
certain anaesthetics inhibit sodium currents more 
effectively during repetitive stimulation and so 
produce a use-dependent block of impulse con- 
duction that is more effective during high frequency 
trains of impulses [141]. As the unit of information 
transfer between neurones is the action potential and 
as the information processing unit is the neurone 
with its extensive synaptic inputs, modulation of the 
pattern of impulses in the presynaptic fibres by 
anaesthetics will have major importance for in- 
formation processing in neural networks and would 
be additional to the anaesthetic-induced changes in 
the pattern of impulses during synaptic activation, 
(see ANAESTHETIC ACTIONS ON POSTSYNAPTIC EXCIT- 
ABILITY above). 


ARE THE EFFECTS OF ANAESTHETICS PRINCIPALLY 
PRE- OR POSTSYNAPTIC? 


In assessing the action of anaesthetics on synaptic 
transmission, it is important to establish the relative 
importance of presynaptic and postsynaptic effects. 
At a chemical synapse it is generally accepted that 
there are a number of sites n at which the release of 
a relatively fixed amount of transmitter g occurs with 
a probability P. The response of the postsynaptic 
membrane is therefore related to the product nPgq. 
‘The evidence from quantal analysis of spinal moto- 
neurone excitatory postsynaptic potentials (EPSP) 
would appear to suggest that anaesthetics act pre- 
dominantly at presynaptic nerve endings 
[69, 152, 160]. This implies that when anaesthetics 
depress EPSP, they reduce n or P and a change in 
either or both of these variables may be reconciled 
easily with inhibition of calcium influx. The quantal 
analysis of changes in synaptic efficacy due to 
application of anaesthetics is, however, based on 
fluctuation analysis of EPSP amplitude and assumes 
that the fluctuations are discrete. For technical 
reasons this assumption remains questionable, es- 
pecially where the signal-to-noise ratio is poor (see 
Korn and Faber [66]). Although the conclusions 
drawn from quantal analysis cannot be accepted as 
clear proof of a dominant presynaptic site of action 
for anaesthetics, this form of analyses remains the 
only way of determining the relative importance of 
pre- and postsynaptic modulation. Further work in 
this area is needed. 

In addition to the technical difficulties alluded to 
above, the specific features of particular synapses 
(e.g. the precise type of calcium channel present in 
the presynaptic membrane or the number and nature 
of the postsynaptic receptors) may also determine if 


the effects of an anaesthetic are predominantly pre- 
or postsynaptic. Consider first a synapse where the 
amount of transmitter released fully saturates the 
available receptors. Any anaesthetic-induced modu- 
lation of receptor function (e.g. a reduction in mean 
channel lifetime) will have an immediate conse- 
quence. For a reduction in transmitter release to 
have a similar impact, the excess release must first be 
eliminated. Conversely, in the situation where there 
are many spare receptors, a reduction in neuro- 
secretion will have a profound effect on synaptic 
efficacy. Nevertheless, even in this situation, a change 
in receptor function will contribute to the overall 
effect unless transmitter release fails completely. 

By considering the relative susceptibility of pre- 
synaptic and postsynaptic processes to modulation 
by anaesthetics, we may infer the relative importance 
of these processes as targets of anaesthetic action. 
Using the chromaffin cell model, it appears that 
neurosecretion evoked by depolarization with pot- 
assium is less susceptible to depression by general 
anaesthetics than the events linked to activation of 
the nicotinic receptor (see fig. 6) [107, 108, 156]. 
This would suggest that anaesthetics act principally 
at the postsynaptic level. Comparable neurochemical 
evidence from nerve terminals is lacking. At present, 
therefore, there is insufficient information to provide 
a clear answer to this problem. 


SUMMARY 


To understand the cellular and molecular basis of 
the anaesthetic state, it is important to remember 
that, in the intact CNS, synapses operate within 
elaborate nerve networks. From the data presented 
above, it is evident that block of impulse conduction 
in presynaptic fibres does not explain the effects of 
most anaesthetics on synaptic activity. This is not 
surprising since some anaesthetics, the barbiturates 
in particular, may both depress excitation and 
enhance inhibition. General anaesthetics modulate 
the activity of presynaptic voltage-gated calcium 
channels and this appears to be sufficient to account 
for the reduction in transmitter secretion they 
produce. Transmitter operated ion channels in the 
postsynaptic membrane are modulated by smaller 
concentrations of anaesthetics than are required to 
modulate the presynaptic voltage-gated calcium 
channels. For this reason, transmitter operated 
channels appear to represent a major target site for 
anaesthetics. 

Finally, there are subtle effects of anaesthetics on 
the patterns of impulse propagation in nerve axons 
and on action potential generation in the cell body 
which result from modulation of membrane ex- 
citability. The overall effect of an anaesthetic agent 
depends on summation of events occurring at the 
many individual synapses and neurones that make 
up the network. The effects of anaesthetics on 
different neuronal pathways may therefore depend 
on the nature of the receptors and ion channels of the 
cells that comprise the network. The anaesthetic 
state may be the result of all these actions, but the 
characteristics of the state may differ somewhat from 
agent to agent. 
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The effects of anaesthetic agents are complex. When 
administered to humans they produce: (a) loss of 
conscious experience and a decrease in the amount 
of information which reaches the cerebral mantle, 
as measured by evoked responses to sensory 
stimulation; (b) loss of memory; (c) changes in 
the spontaneous activity recorded from the scalp 
(electroencephalogram (EEG)) or directly from the 
cortical surface (electrocorticogram (ECoG)); (d) 
loss of volitional control of the skeletal musculature; 
(e) an attenuation of protective reflexes (reflex 
withdrawal, cough and gag reflexes); (f) loss of 
postural reflexes; and (g) wide ranging changes in 
cardiovascular and respiratory performance. 

As an experimental tool, anaesthesia may be 
designed, by appropriate choice of anaesthetic, to 
either enhance, suppress or leave unchanged various 
physiological variables which one wishes to study. 
For example, presynaptic inhibition may be en- 
hanced or suppressed using barbiturates and 
urethane, respectively [13] and complex polysensory 
heterosegmental reflexes may be retained in animals 
anaesthetized with chloralose. 

The usual structure—activity relationship seen with 
most bioactive chemicals is absent in anaesthetics. 
There is a wide range in molecular structures, 
ranging from simple chemicals, such as nitrous 
oxide, to the complex steroids, such as alphaxalone 
which may, under appropriate conditions, lead to a 
state of anaesthesia. Although in an interpretational 
and behavioural sense, anaesthetics may be antagon- 
ized by for example, convulsant chemicals, the only 
effective antagonist is very great ambient pressure. 
The antagonism of anaesthesia by pressure is not an 
antagonistic effect of competition with a receptor site 
by a specific blocking chemical, but a physico- 
chemical barrier to an anaesthetic, interacting with a 
putative hydrophobic receptor site. Looked at sim- 
plistically, the interaction between an anaesthetic 
and its putative site of action causes an increase in 
volume; increasing the ambient pressure prevents 
this volume increase. 

For the study of anaesthesia, various simpli- 
fications need to be made, the first of which is the 
theory that because of the similarity of the end-point 
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of the state of anaesthesia, anaesthetics may share a 
common mechanism of action. The contrary view 
would state that each anaesthetic agent has a unique 
action, the end result of which is to produce a state 
of anaesthesia. However, the simplicity of the idea of 
a common mode of action is much more appealing, 
and to this end I will attempt to address the question 
“Do anaesthetic agents have a similar action which 
may be used to explain one or more facets of their 
activity?” This question will be looked at, not from 
a simple chemical interaction of anaesthetic agents 
with a potential receptor, but more globally to 
determine if there are anaesthetic sensitive parts of 
the central nervous system which, if perturbed, may 
set in train an integrated series of events which may 
explain one or more of the facets observed in clinical 
practice. In order to achieve this, it is necessary to 
look first at anatomy and then attempt to explain 
functional observations. 


ANATOMICAL OBSERVATIONS 


One region of the central nervous system (CNS) 
which has been the target of much research 
in attempting to define consciousness/arousal, 
waking /sleeping or attentional switching, is the brain 
stem reticular formation. This part of the nervous 
system is depicted in textbooks usually as a sausage- 
like structure, occupying the central portion of the 
medulla, pons and midbrain, connected by arrows to 
every part of the brain and spinal cord, and receiving 
an afferent input from all sensory modalities. 
Although this is a somewhat simplistic represen- 
tation, it reflects the importance and generalized 
activity of the structure, but may be misleading. The 
first indication that this part of the CNS may be 
involved in the generation of the anaesthetic state 
was inferred by Magoun and his collaborators 
[19, 22] from its role in co-ordinating sensory and 
motor mechanisms related to the level of behavioural 
and electrocortical arousal of animals. They showed 
that the brain stem reticular formation controlled the 
excitability of spinal motoneurones [16, 22], and that 
high frequency electrical stimulation within the 
reticular complex gave rise to generalized electro- 
cortical arousal, while low frequency stimulation 
produced generalized electrocortical synchronization 
[21]. 
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ReSp 


Fic. 1. Schematic diagrams of the major component of the brain stem reticular formation and its ascending and 
descending projections. The right hand side of a quasi-three~dimensional straightened brain has been represented 
twice to show the projections. For clarity, the thalamic sensory relay block has been left out of the ascending projection 
diagram. BG = Basal ganglia; CoSp = corticospinal projection; Hy = hypothalamus; IL = intralaminar nuclei; Mb 
= mesencephalon; Mo = motor cortex; MRF = medullary reticular formation; PRF = pontine reticular formation; 
ReSp = reticulospinal projection; Se = sensory cortices; SpRe = Spinoreticular projection; Trn = thalamic 
reticular nucleus; TSr = thalamic sensory relay nuclei. 1, 2 and 3 = Cortico-reticular projections; 4 = cortico~ 
thalamic projection. 


The brain stem is commonly taken to include the 
medulla, pons and mesencephalon. The reticular 
formation is a complex of discrete cellular regions in 
the medial part of the brain stem, which are 
anatomically less clearcut than those cellular aggre- 
gations associated with the cranial nerves and dorsal 
columns [9]. ‘The medullary and pontine part of the 
brain stem reticular formation is composed of a 
ventrolateral portion projecting to the cerebellum 
and a medial portion sending long afferent pro- 
jections to higher and lower structures. This medial 
part may be subdivided further into four separate 
areas: (a) a “major” area comprising a medullary 
component, the nucleus reticularis gigantocellularis, 
nucleus reticularis ventralis and nucleus reticularis 
lateralis, and a pontine component, the nucleus 
reticularis pontis oralis and nucleus reticularis pontis 
caudalis; (b) a noradrenergic projection from the 
pontine locus coeruleus nuclei; (c) a 5-hydroxy- 
tryptaminergic projection from the midline raphé 
nuclei in the medulla and pons; and (d) a cholinergic 
projection from the pedunculo—pontine and latero- 
dorsal tegmental nuclei. 


The major component (fig. 1) 

Cells in the medial parts of the medullopontine 
compartment of the system show extensive discord 
dendritic arborization, aligned transversely, as are 
the terminal arborizations of afferent fibres ter- 
minating in this region. It receives afferent fibres 
from the spinal cord (spinoreticular tract), from 


acoustic, vestibular, trigeminal, spinothalamic and 
vagal sources as afferent collaterals and from the 
visual system via tecto—reticular fibres. Three types 
of cells are found; those with long ascending axons, 
long descending axons or both. Although segregation 
between cells with long ascending or long descending 
axons cannot be made, most of the cells with long 
descending axons (reticulospinal) lie in the middle 
portion of the pons (projecting ipsilaterally) and in 
the rostral part of the medulla (projecting bilaterally 
to the spinal cord). In contrast, cells with long 
ascending axons are found in the caudal part of the 
pons (caudal half of the nucleus reticularis pontis 
caudalis) and the caudal part of the medulla (caudal 
half of the nucleus reticularis gigantocellularis, 
nucleus reticularis ventralis and nucleus reticularis 
lateralis). 

Spinoreticular fibres terminate mainly in those 
areas giving rise to long ascending axons and 
cortico—reticular fibres end in those parts giving rise 
to long descending axons. One can describe there- 
fore, a system receiving a polysensory afferent input 
and projecting to the midbrain; and a descending 
system with an input from the cerebral cortex, at this 
level mainly from the motor cortex, and projecting to 
the spinal cord. These two systems are not distinct 
but functionally and anatomically interrelated, since 
part of the cellular component gives rise to both long 
ascending and long descending axons. 

Those areas which are involved in respiratory, 
cardiovascular, visceral and skeletomotor control 
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show a close coincidence with the reticular areas 
giving rise to long descending axons. Whether or not 
this reflects an intermingling of numerous func- 
tionally dissimilar neurones or groups of functionally 
dissimilar neurones with reciprocal connections, 
remains unclear. However, it may be considered as a 
site for the integration of visceral—skeleto motor acts 
of obvious advantage in ‘“‘arousing” or sleeping 
reactions. For example, leaping out of bed by 
activation of the skeleto-motor system without 
preparative changes to cardiovascular and respir- 
atory effort would be both dramatic and disastrous! 

The upward projection of the medullopontine 
reticular formation is mainly to the mesen- 
cephalon—to a dorsal zone in the nucleus cunei- 
formis and a ventral zone in the nucleus sub- 
cuneiformis. The other projection is to the hypo- 
thalamus and the ventral part of the thalamic 
reticular nucleus. The major upward projection 
from the mesencephalon (approximately 75% of 
fibres), goes to subthalamic sites—to the zona 
incerta and hypothalamus. The remainder project to 
the thalamic reticular nucleus and the intralaminar 
nuclei. 

The intralaminar nuclei may be separated into a 
rostral portion comprised of the central medial, 
paracentral and central lateral nuclei and a caudal 
portion comprised of the centrum medianum—para- 
fasicular (CMP) complex. The intralaminar nuclei 
project densely to the basal ganglia and cells located 
in CMP complex project to every other thalamic 
nucleus, especially to the cerebello~thalamic relay 
nuclei (nuclei ventralis lateralis and ventralis later- 
alis) and to the thalamic reticular nucleus. The 
intralaminar nuclei receive a topographically organ- 
ized projection from the motor cortex. 

The efferent projection from the thalamic reticular 
nucleus is directed to three sites: (1) the mes- 
encephalic tegmentum, (ii) the specific thalamic 
relay nuclei for the somatosensory, auditory and 
visual pathways and (iii) the intralaminar nuclei. Of 
special interest is the observation that the thalamic 
regions which receive a projection from the thalamic 
reticular nucleus project back into this nucleus [24]. 
The thalamic reticular nucleus also receives an 
orderly and topographically arranged cortical pro- 
jection from all of the major cortical primary sensory 
receiving areas [10]. 

One further anatomical feature of note is the 
interrelation between the thalamic relay site re- 
ceiving a reticular projection, the cortical target of 
the relay site and the cortical back projection to both 
the thalamic relay and reticular sites. This is 
organized as follows: (i) a specific site in the thalamic 
reticular nucleus projects to a specific thalamic relay 
site (reticulo—thalamic); (ii) this thalamic relay site 
projects to a specific cortical site (thalamo-cortical); 
and (iit) this cortical site projects back to both the 
thalamic relay site (cortico—thalamic) and to the 
thalamic reticular site (cortico—reticular) projecting 
to that thalamic relay site. 

Thus there is a precisely arranged neural loop 
of reticular—thalamic, thalamo-cortical, cortico— 
thalamic and cortico—reticular axons. In this loop the 
thalamic relay cells are exposed to reticular, cortical 
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Fic. 2. Schematic diagrams of the 5-hydroxytryptaminergic (5- 
HT), noradrenergic (NA) and the cholinergic (ACh) projections, 
in the rat, viewed in the sagittal plane. BG = Basal ganglia; CC = 
corpus callosum; CeCo = cerebral cortex; Cer = cerebellum; 
Db = dorsal noradrenergic bundle; LC = locus coeruleus; 
Med = medulla; MFB = medial forebrain bundle; Pons = pons; 
Ra = raphé nuclei; TSr = thalamic sensory relay nuclei; Vb = 
ventral noradrenergic bundle. 1 = Basal forebrain cholinergic 
system (medial septal nucleus, diagonal band nuclei, substantia 
innominata, magnocellular preoptic field, nucleus basalis); 
2 = upper brain stem cholinergic system (laterodorsal tegmental 
nuclei, pedunculopontine nuclei). 


and cortico—reticular inputs. The thalamic extension 
of the brain stem reticular formation and the 
intralaminar and thalamic reticular nuclei, possess 
an anatomical arrangement which would modify the 
activity of thalamic nuclei projecting onto the cortical 
mantle and the basal ganglia, which could serve to 
produce severe sensory and motor disturbances 
which would then be amplified by the brain stem 
reticular control of spinal motoneurones. 


Noradrenergic projection (fig. 2) 

Other structures which may alter the excitability 
of the nervous system in a non-specific way are the 
locus coeruleus nuclei located in the rostral pons. 
Cells in these nuclei, which comprise approximately 
50 % of all noradrenergic cells in the brain stem, give 
rise to long ascending and descending axons. The 
ascending axons from the coerulear cells ascend 
mainly ipsilaterally in the dorsal tegmental bundle 
(the majority), and in the central tegmental tract, to 
innervate the dorsal thalamus, the hypothalamus, the 
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cerebellum, the basal forebrain and the neocortex. 
Fibres in the cerebral cortex travel along the corpus 
callosum and send radial branches in the cortex to 
form a T junction with extensive ramifications in 
cortical layer I. The descending fibres pass to the 
spinal cord. 

The mode of termination of the axons is different 
from conventional synaptic contacts. Each nerve 
axon may give rise to a long terminal zone with 
several thousand expanded portions called nerve 
terminal varicosities. Thus activation of nor- 
adrenergic neurones will release noradrenaline over a 
wide area, compared with the restricted terminal 
bouton release from other terminating axons. The 
remainder of the noradrenergic neurones are dis- 
tributed diffusely throughout the ventral lateral 
tegmentum. Their ascending axons innervate the 
same structures as the coerulear axons, although they 
only provide a minor input to the cerebral cortex 
compared with that of coerulear cells. The locus 
coeruleus receives an afferent input only from two 
brain stem sites; the nucleus paragigantocellularis 
and the nucleus hypoglossi prepositus. 


5-Hydroxytryptaminergic projection (fig. 2) 

Another system with longitudinally aligned 
efferents is seen in the midline raphé nuclei. The 
nucleus raphé magnus receives afferents from the 
spinal cord and cerebral cortex and is also the 
principal site of origin of descending efferent fibres. 
Long ascending fibres originate from all nuclear 
groups in the raphé but the principal sites arise from 
the more rostral parts; the nuclei raphé dorsalis, 
raphé medianus and centralis superior. These as- 
cending fibres innervate the thalamus and all parts of 
the cerebral and cerebellar cortices. The descending 
projections modulate the activity of spinal sensory 
and motor neurones. The 5-hydroxytryptaminergic 
innervations to the dorsal horn of the spinal cord 
depress afferent nociceptive input. 


Cholinergic projection (fig. 2) 

Two major constellations of nuclear groups have 
been found with long efferent axons. The first is in 
the basal forebrain cholinergic complex (medial 
septal nucleus, diagonal band nuclei, substantia 
innominata, magnocellular preoptic field and nucleus 
basalis) projecting to all parts of the cerebral 
cortex and olfactory bulb and the second is the 
ponto—mesencephalo—tegmental cholinergic complex 
(laterodorsal tegmental nuclei and pedunculo— 
pontine nuclei) which projects to the thalamus, 
the dorsal raphé nucleus, the locus coeruleus, the 
pontine and medullary components of the reticular 
formation and to the spinal cord. 


PHYSIOLOGICAL OBSERVATIONS 


One aspect of anaesthesia is that humans become 
unaware of stimuli from their external environment 
which are continually activating the peripheral 
sensory structures. The sensory pathways are organ- 
ized such that the sensory transducers send their 
afferent axons into separate nerve tracts (e.g. somato- 
sensory information from the neck, trunk and limbs 


are conveyed in the reticulospinal, spinothalamic 
tracts and the dorsal columns and visual information 
into the cellular layers of the retinae and hence into 
the optic nerves). The information in the afferent 
pathways used for the interpretation of the events in 
the immediate (touch, thermal sensations and taste) 
or the remote (sight, hearing and smell) environment 
is conveyed to special parts of the cerebral cortices; 
either the primary cortical receiving areas or, in the 
case of olfactory stimuli, to the olfactory bulb for 
initial processing. The sensory surfaces are mapped 
onto the cerebral cortex to produce distorted maps. 

For example, the sensory homunculus is found 
along the postcentral gyrus and the retina is 
represented in the occipital cortex. This organ- 
izational wiring of the nervous system may be used 
to detect deliberate activation of any sensory input 
since if a particular part of any sensory surface is 
stimulated a particular population of cortical cells is 
activated. The current flow consequent upon this 
activation may be detected, amplified and displayed 
and is seen as evoked cortical responses. Because this 
deliberately activated current flow is superimposed 
upon the spontaneous electrical activity of the 
cerebral cortex, these individual responses are some- 
times difficult to detect. However, if a series of 
stimuli are delivered to the same peripheral site, it is 
possible to extract the averaged evoked cortical 
response. 

If the total current flow is summed with respect to 
the time of application of each stimulus, then 
stimulus related currents will add in direct pro- 
portion to the number of stimuli delivered, whereas 
the random (spontaneous) current flow will be 
summed in proportion to the square root of the 
number of responses. If the stimulus evoked re- 
sponse is regarded as the signal and the spontaneous 
current as noise, then after, for example, 100 
summations the signal: noise ratio will become 10:1, 
or the noise will contribute to only 10% of the 
average. The recording of averaged responses pro- 
vides the ability to assess sensory performance in a 
quantitative manner without recourse to asking a 
sentient subject what he feels; of obvious importance 
in the study of anaesthesia which has a literal 
translation of without feeling. The technique may 
moreover be applied to animals. 

In all animals, including humans, the averaged 
responses recorded from the primary cortical re- 
ceiving areas in response to electrical stimulation of 
peripheral nerves, or flashes or clicks, appear as a 
wave of surface positivity superimposed upon which 
are a series of negative waves or inflections. Typical 
evoked responses recorded from rats are shown in 
figure 3, illustrating the initial positive ard negative 
waves and second positive and negative waves 
(labelled Pi, Ni, Ps, Ns, respectively). The rat is 
commonly used because it has an unfolded cortical 
surface (lissencephalic) which makes the recording 
geometry and interpretation of the response easier 
than in animals with folded cortices. In order to 
understand the results presented in this section, it 
is necessary, although not essential, to document 
the techniques used to obtain the results (see 
Appendix). 
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Fig. 3. A: Three superimposed averaged evoked cortical responses to electrical stimulation of the contralateral 
forepaw at a rate of 1s~!. Each average is 128 consecutive responses in the unanaesthetized (0), the surgically 
anaesthetized (urethane 20.51 mmol litre“) and the very deeply anaesthetized (41.02 mmol litre™') animal. For this 
series of responses the animal was pretreated with chlordiazepoxide (15 mg kg“) to obtain a stable condition in the 
unaneesthetized state. The percentage change in Ni from four animals vs anaesthetic dose is shown to the right. The 
responses have been scaled such that 100% equals the concentration found in the surgically anaesthetized animal 
(20.51 mmol litre-!). Data are mean, SEM. B: Averaged evoked responses from one animal (128 consecutive responses 
to electrical stimulation of the contralateral forepaw at a rate of 1 8-4) starting at a surgical concentration of urethane 
anaesthesia (mmol litre!) and adding urethane. The dose-response curves from 12 animals are shown on the right. 
The ordinates for Pi (O) and Ni (@) have been scaled such that 100% equals the response level at surgical 
anaesthesia, the abscissa shows the theoretical concentration of urethane in the aqueous phase. Data are mean, SEM. 
The response curve for Ni is not significantly different from that for the four animals shown in (A). 


GROUP A ANAESTHETICS 


In the unanaesthetized animal, the early part of the 
evoked cortical response is predominantly negative, 
showing definite Pi and Ni waves, but with the 
second positive wave seen only as a small inflection 
between Ni and Ns (see fig. 3A). Comparing the 
latencies to the start of the evoked cortical responses 
in a series of experiments shows that the latency 
increased from 3.50 (SEM 0.08) ms (n=9) in 
unanaesthetized animals to 4.20 (0.05) ms (n = 86) at 


the usual starting level of urethane anaesthesia of 
20.51 mmol litre (this is the theoretical concen- 
tration of urethane if the dose administered is freely 
distributed throughout the aqueous compartment 
of the rat and represents an anaesthetic dose 
of 1.25¢kg"), a highly statistically significant 
increase (Student’s rt test two-tailed, P < 0.001). 
A further increase in urethane anaesthesia to 
41.02 mmol litre! gave a further increase in latency 
to 5.90 (0.25) ms (n= 12), which was also a 
statistically significant increase (P < 0.001). As the 
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TABLE I. The groups of anaesthetics and the effects seen upon sensory transmission for each anaesthetic of that group. Inc. 
= Increase, Dec. = decrease, Inc./d. = increase in probability of response but a large increase in the dispersion of the 
discharge. — = Information is not yet available for that group. Increases or decreases relate to amplitude for Pi and Nt and 
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probability of response for VPL, III, IV, V and VI (for further details see text) 








Anaesthetic VPL Latency Pi Ni TII IV V VI 
Group A 
Cyclopropane Dec. Inc. Dec. Dec. De None Dec Little 
Nitrous oxide Dec. Inc. Dec. Dec. Dec. None Dec Little 
Diethyl ether Dec. Inc. Dec. Dec. Dec. None Dec Little 
Enfiurane Dec Inc. Dec. Dec. Dec None Dec. Little 
Halothane Dec. Inc. Dec. Dec. Dec None Dec. Little 
Isoflurane Dec Inc. Dec. Dec. Dec None Dec Little 
Methoxyflurane Dec. Inc. Dec. Dec. Dec None Dec Little 
Trichloroethylene Dec. Inc. Dec. Dec. Dee None Dec Little 
Vinylethyl ether Dec Inc. Dec. Dec. Dec None Dec Little 
Althesin Dec Inc. Dec. Dec. Dec None Dec Little 
Ethyl carbamate Dec Inc. Dec. Dec. Dec None Dec Little 
Inactin Dec Inc. Dec. Dec. Dec None Dec Little 
Ketamine Dec Inc. Dec. Dec. Dec None Dec. Little 
Hexobarbitone Dec Inc. Dec. Dec. Dec None Dec. Little 
Methohexitone Dec. Inc. Dec. Dec. Dec None Dec Little 
Pentabarbitone Dec Inc. Dec. Dec. Dec None Dec Little 
Thiopentone Dec Inc. Dec. Dec. Dec None Dec. Little 
Group B 
Chlordiazepoxide Inc. Inc. Inc. Dec. Dec Dec Dec Dec. 
Midazolam Inc. Inc. Inc. Dec. Dec. Dec Dec Dec. 
Etomidate Inc. Inc. Inc. Dec. Dec Dec Dec Dec. 
Propofol Inc. Inc. Inc. Dec. Dee Dec Dec Dec. 
Noradrenergic group 
Clonidine Inc. /d. Inc. Dec. Dec — Ine./d. Inc./d. 
Medetomidine Inc. /d. Inc. Dec. Dec ~~  Ine./d.  Inc./d. 
Urethane Thiopentone I, fig. 4) have been found to increase the latency and 
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Fic. 4. Four averages superimposed (n = 64) before (continuous 

lines) and after (dotted lines) dose of anaesthetic is added. The 

anaesthetics were approximately equipotent. The calibration bars 

represent 50 uV for each pair of records. Note the extreme 

variability of the responses obtained at the starting concentration 

of anaesthesia by comparing the shapes and sizes of all continuous 
line records (from [2] with permission). 


latencies of the responses increased, the amplitudes 
of the initial positive and negative waves of the 
cortical response decreased. Figure 3A shows that 
there is a dose-response continuum relating the 
depth of anaesthesia to the total change in 
the cortical evoked response when starting from the 
unanaesthetized animal and proceeding to very deep 
levels of anaesthesia, or when the anaesthetic is 
superimposed upon a basal level of urethane (see fig. 
3B). 

Most anaesthetics that are used in a clinical context 
to produce prolonged general anaesthesia (see table 


decrease the amplitudes of the initial components of 
the cortical response, either when starting with the 
animal unanaesthetized [3] or when superimposed 
upon the initial level of urethane anaesthesia [5]. 
Although nitrous oxide behaved in the same way as 
the other anaesthetic agents, its effect on response 
latency and Pi was always found to be transient, the 
cortical response quickly returning (18.9 (2.35) min, 
n= 15) to pre-administration levels even during 
prolonged periods (up to 90 min) of nitrous oxide 
administration (see [5]). It must be remembered, 
however, that the anaesthetic dose of nitrous oxide is 
obtained only at a partial pressure of 141 kPa. 

Four exceptions were found. Neither propofol nor 
etomidate gave the same large changes in the evoked 
cortical response when superimposed upon a back- 
ground of urethane anaesthesia (see below). The 
others were the benzodiazepines chlordiazepoxide 
and midazolam (see table I, group B). 

The cerebral evoked response in animals deeply 
anaesthetized with urethane (41.02 mmol litre) sub- 
jected to great ambient pressure shows, as the 
pressure is increased with helium (in an environment 
with a constant partial pressure of oxygen of 55 kPa), 
a decrease in the latency of the cortical response, and 
an increase in the amplitudes of the initial com- 
ponents of the response are seen [6]. For example, in 
one experiment, the initial negative wave was 100% 
(sp 9%) at the start and increased to 202% (16%) 
and 328 % (16 %) at pressures of 6868 and 10000 kPa, 
respectively. Control experiments run in the press- 
ure chamber over the same time scale (approximately 
2h) as the pressure experiments, but without 
changing the pressure, showed that this effect could 
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Fic. 5. A: Responses obtained from three cells (the cuneate nucleus (Cu), the ventrobasal thalamus (VPL) and from 
cortical layer VI (Co VI)) isolated from sites along the somatosensory pathway from one animal anaesthetized with 
urethane. Each block shows a 47 min record with 3 % isoflurane (1) in oxygen administered for 500 s, beginning 500 s 
after the start of the record. The forepaw was stimulated at a rate of 1 s71. g: Mean change in probability of response 
plotted as percent starting concentration vs depth of urethane anaesthesia in ml of anaesthetic added. The starting 
concentration of urethane anaesthesia was 20.51 mmol litre! (the addition of 1 ml or urethane doubles this 
concentration). The responses are from 35 cuneate cells (Cu), 30 ventrobasal thalamic cells (VPL), 40 cortical cells 
isolated from layers IV and VI (N, Co), and four cortical cells isolated from layer V (N, Co) (from [2] with permission). 
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Fig. 6. A: (raw data) Response obtained by stepping a microelectrode through the cortex (2 um steps once every 18) 

and sampling the signal for cell discharges (dots) in response to electrical stimulation of the contralateral forepaw as 

latency of response vs depth. The approximate location of the cortical layers is shown as IV, V and VI, in addition 

to the position of the corpus callosum (CC). B: (contour plot) The raw data was considered as occupying a 50 x 50 

matrix. The dot density in each square of the matrix was determined and lines of equal density constructed to map 
the response density vs depth. 


not be a result of removal of the anaesthetic by 
metabolic activity as there were no changes in either 
the latency or the initial positive and negative waves 
of the cortical responses. Reducing the pressure in 
the chamber from 10100 to 6060kPa gave the 
opposite effect (i.e. an increase in latency and a 
decrease in the amplitudes of the initial positive and 
initial negative waves); a response change similar to 
that of increasing the dose of anaesthetic. A similar 


pressure reversal has been seen with Althesin, 
halothane and nitrous oxide [Angel & Halsey 
unpublished observations]. Thus the effect of an- 
aesthetic agents on the evoked cortical response 
shows pressure reversal which is predicted by simple 
physicochemical theory. This has a corollary which 
may be interpreted to indicate that the anaesthetic 
effect is liable to be a true affect of anaesthesia and 
not an interesting side effect. 
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Thus the effect of a large group of anaesthetic 
agents is to change the evoked cortical responses 
which represent a change in the responses of cells at 
the cortical level. These changes may be interpreted 
in three ways: (a) the cortical cells respond differ- 
ently to an unchanged ascending input; (b) the 
cortical cells are not affected but mirror a change 
occurring at a subcortical level; or (c) any com- 
bination of these two. Any effect on peripheral nerve 
axons or sensory transducers may be ruled out since 
nerve axons are affected only by lethal doses of 
anaesthetic [23], and there is no measurable effect of 
anaesthetics in rats over the ranges studied on the 
electroretinogram, cochlear microphonics or nerve 
volleys consequent upon mechanical stimulation of 
the integument. 

The pathway which conveys information to the 
cortex, with a short latency, in the rat has been 
shown to be the dorsal column—lemniscothalamic 
path [2]. Thus the afferent signal has to cross only 
two synaptic discontinuities before it reaches the 
cerebral cortex. The first of these is in the dorsal 
column nuclei and the second in the ventrobasal 
thalamus. The ability of anaesthetic agents to 
influence cells at these relay sites may be assessed by 
recording the extracellular current fow which is seen 
after afferent stimulation. Cells in the dorsal column 
nuclei are unaffected by any of the anaesthetic agents 
listed in table I until near fatal levels of anaesthesia 
are reached. The changes seen are, paradoxically, to 
stabilize the responses of the cells; particularly those 
which respond to a single stimulus with a prolonged 
discharge (see fig. 5A). Cells in the ventrobasal 
thalamus do not respond to every peripheral stimu- 
lus; even though the stimulation levels are supra- 
maximal for dorsal column nuclear cells. Cells in the 
cuneate nucleus show a response probability of unity 
(i.e. they respond to each peripheral stimulus). Cells 
in the ventrobasal thalamus respond with an average 
probability of approximately 0.8 (i.e. they respond, 
on average, to four out of every five stimuli 
presented). The ventrobasal thalamus therefore 
represents a site of synaptic insecurity. The effect of 
increasing anaesthesia (with the anaesthetics listed in 
table I, group A) on ventrobasal thalamic cells was 
always the same: to increase the latency of discharge 
and to decrease the probability of response in a 
dose-dependent manner (see fig. 5A). Cells in the 
cerebral cortex thus show a decreased response and 
increase in latency, partly because of the diminished 
thalamocortical volley (see fig. 5a). The average 
responses to increasing anaesthetic depth of cuneate 
and ventrobasal thalamic cells are shown in figure 5B. 

Since the cortex is a layered structure, with each 
layer having a different function, for a proper study 
of cortical neurones it is necessary to study the 
behaviour of cells in each layer. A depth—latency of 
response technique has been devised, in which a 
microelectrode is lowered through the cerebral 
cortex at the geometric centre of the primary 
somatosensory perpendicular to its surface, starting 
at the pial surface, in small discrete steps. At each 
vertical position an electrical stimulus is delivered to 
a peripheral nerve and the microelectrode signal is 
processed to detect whether or not cellular dis- 
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Fig. 7. A: Contour plots from a rat anaesthetized with urethane 
20.51 mmol litre™! in two control (C) conditions (left hand side) 
and at the maximum effect of two equipotent doses (0.5 MAC) of 
nitrous oxide (N,O) (80%) and cyclopropane (Cyc.) (11%). All 
records were obtained from one animal and a 2-h period was given 
between the end of nitrous oxide administration and the second 
control plot. B: Similar plots from a rat anaesthetized with 
urethane 20.51 mmol litre! before (control (C)) (left hand side) 
and after medetomidine (Med.) 100 ug kg™ i.p. 


charge(s) occur. Nerve cells respond to a stimulus 
with an all-or-nothing nerve action potential. Thus 
the signal is passed to a voltage level detector which 
gives out a standard pulse each time the micro- 
electrode signal exceeds three times the noise (or 
baseline) level. Such signals are found to be associ- 
ated with nerve cell discharge. These pulses are 
stored in a microprocessor with references to the 
stimulus occurrence (i.e. their latency is recorded) 
and to the vertical position of the microelectrode. In 
each second the microelectrode is lowered 2 um and 
a stimulus is delivered to a peripheral nerve. After 
1000 such steps, the cortex will have been penetrated 
from the pial surface to the corpus callosum. A 
record is then constructed, in the microprocessor, of 
nerve cell discharge occurrence latency (as a dot) vs 
depth. A typical record is shown in figure 6 (raw 
data). This record is then re-processed to display dot 
density as a contour map (see fig. 6). Both graphs 
show that cellular discharges with an early latency 
occur in two bands (from approximately 400-800 um 
and 1200-1600 um below the surface) separated by a 
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Fic. 8. A: Mean change in frequency of discharge of six thalamic reticular/boundary cells of both types (TRE and 

TRD expressed as impulses per second vs increasing depth of urethane anaesthetic. B: Similar frequency vs anaesthetic 

plot for eight cortical presumed excitatory cells (CoE) and four cortical presumed inhibitory cells (CoD. Data are 
mean, sp (from [2] with permission). 


band of later cellular responses. These bands 
correlate very closely to the anatomical boundaries of 
cortical layers IV and VI, and layer V, respectively. 
The contour map shows moreover that the major 
latency densities occur at 8 and 11 ms in layer IV, 10 
and 12ms in layer V and 8ms im layer VI. By 
applying this technique before and after anaesthetic 
administration, responses such as those shown in 
figure 7A are seen. Note that in figure 7, which shows 
the effect of added equipotent doses of nitrous oxide 
and cyclopropane on a basal concentration of 
urethane anaesthesia, the depth latency responses are 
both shifted to the right (an increase in overall 
latency of response) and the “hills” described by 
the contour map are lower (an overall decrease in 
responsiveness). More noteworthy is the observation 
that the responses in the middle layer (layer V) are 
effected more by the increase in anaesthetic con- 
centration than the cells in layers IV and VI. 
Additionally, cells in layer IIT also show increased 
susceptibility to anaesthesia. This pattern of re- 
sponse is seen with all the anaesthetic agents 
described as group A in table I. Comparison of the 
effects of anaesthetic increases on single cells in 
layers IV and VI, and layer V is shown in figure 6. 
With all group A anaesthetics, cells in layers III and 
V show a much greater decrease in response to 
increasing anaesthetic depth than those in layers IV 
and VI. It may be shown that cells in layers IV and 
VI are themselves unaffected by group A ana- 
esthetics, they merely mirror the decrease in the 
thalamocortical input. This may be shown since 
their responses are unaffected by increasing ana- 
esthetic depth if they are activated by stimulation of 
thalamocortical fibres, either in the intact animal or 
in isolated cortical slices. In cortical slices, in 
comparison, layer V cells still show marked sus- 
ceptibility to anaesthetic action (see [2]). 
Therefore, two sites of synaptic transfer may be 


described in the sensory pathway which are sus- 
ceptible to the action of anaesthetics; in ventrobasal 
thalamus and the cortical layer V. Cells at other 
levels are unaffected (e.g. those in the dorsal column 
nuclei and cortical cells in layers IV and VI). 

Recordings made from cells at the ventrobasal 
thalamic—thalamic reticular nucleus boundary, and 
in the thalamic reticular nucleus, show major 
differences in their activity from ventrobasal thal- 
amic cells. First, thalamic reticular cells show 
spontaneous activity (i.e. activity in the absence of 
intentional stimulation) and second, they respond to 
potentially noxious stimulation (mechanical damage 
to the skin or heating to over 40 °C) applied over 
widespread areas of the skin (often the entire body 
surface). Thus they respond to potentially arousing 
stimuli. Two distinctive types of cell are en- 
countered: those whose frequency of discharge is 
increased by “noxious” stimuli and those whose 
frequency is decreased by such stimuli. Since the 
central nervous system shows evidence of an increase 
in excitability after a potentially noxious stimulus, 
these two cell types may be interpreted as repre- 
senting thalamic reticular excitatory (TRE) and 
thalamic reticular inhibitory (TRI) neurones, re- 
spectively (see [2]). Increasing depth of anaesthesia, 
using group A anaesthetics, always decreases the 
discharge frequency of thalamic excitatory cells and 
increases the discharge frequency of thalamic re- 
ticular inhibitory cells. Results from such cells 
showing the dose-dependent changes in cell fre- 
quency of discharge are seen in figure 8A. 

There are two other groups of cells which are also 
implicated in the effect of anaesthetics. These are 
cells which show spontaneous activity located in 
cortical layer III (mainly at the III-IV boundary) 
and cells in layer V. These cells are of two major 
types, like the thalamic reticular cells, and behave as 
though they are either cortical inhibitory cells or 
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@ inhibitory calis 

@ Excitatory cells 

© Sensory cells 

Fic. 9. Diagram of the neural paths involved in the genesis of the 
anaesthetized state (see text for details). III, IV, V and VI = 
cortical layers; DCN = dorsal column nuclei; Drgc = dorsal root 
ganglion cells; Mech = mechanoreceptive input; Noci = nocicep- 
tive input; Stt = spinothalamic and spinoreticular tracts; Irn = 

thalamic reticular nucleus; VPL = ventrobasal thalamus. 


cortical excitatory cells. These cells are functionally 
in contact with the thalamic reticular cells such that 
cortical inhibitory cells excite thalamic reticular 
inhibitory cells and cortical excitatory cells excite 
thalamic reticular excitatory cells (see [2] for details). 
When subjected to increasing concentrations of 
anaesthetic, the cortical excitatory cells show a dose- 
dependent decrease in the frequency of discharge 
and for moderate increments of anaesthesia the 
cortical inhibitory cells show a dose-dependent 
increase in discharge frequency. However, at doses 
of urethane of approximately 30 mmol litre, the 
electrocortical activity undergoes a spectacular 
change and cortical spindling activity occurs. ‘This is 
at the dose at which the cortical inhibitory cells 
deviate from “expected” activity. One other aspect 
of these cortical cells is that approximately 50% are 
not only spontaneously active but also respond to 
mechanical stimulation of the skin. 

Thus for group A anaesthetics, a hypothetical 
Circuit may be drawn and is illustrated in figure 9. 
Any ventrobasal sensory relay cell will have its 
excitability modulated via three routes: (a) via a 
direct thalamic reticular nucleus input; (b) via a 
direct corticothalamic input; and (c) via a cortico— 
reticular thalamic input. 

If the cortex is removed, then anaesthetics show 
little or no effect upon thalamic transmission of 
sensory information [2]. Thus it is the direct cortical 
and cortico—reticular thalamic modulations which 
are of importance. If anaesthetic agents were to have 
an action on cortical modulatory cells (layers III and 
V), this could cause more inhibition and less 
excitation of thalamic relay cells and hence a large 
decrease in the capacity of the thalamic relay nuclei 
to transfer information to the cerebral cortex. This 
could then be a self-reinforcing reaction, since some 
of the cortical modulatory cells are themselves 
sensitive to afferent information via the thalamic 
relay nuclei and the thalamus is subjected to cortical 


influence via two routes: a direct cortico—thalamic 
input and an indirect cortical input via the thalamic 
reticular cells. In any case, a decrease in the afferent 
inflow to the cerebral cortex would mean a decrease 
in sensory experience. 


GROUP B ANAESTHETICS 


While the foregoing scheme can be applied to the 
vast majority of anaesthetics, some show exceptions 
to this behaviour. Among those which have received 
attention are propofol, etomidate and the benzo- 
diazepines chlordiazepoxide and midazolam (see table 
J). These differ from group A anaesthetics in that 
they give a smal] increase in the amplitude of the 
initial positive wave of the cortical response but 
show the same increase in latency of response and 
decrease in the initial negative wave (see table I, fig. 
10). The averaged responses illustrated in figure 108 
show latencies of 3.58, 4.18 and 4.63 ms for control, 
propofol and methohexitone conditions, respect- 
ively. For these results, the propofol and metho- 
hexitone doses were chosen to be approximately 
equipotent. At the same time as these changes in 
latency were seen, the initial positive wave increased 
from 100 (sp 3.30) % to 110 (7.20)% with propofol 
but decreased to 90 (4.97)% with methohexitone. 
The initial negative waves were decreased by both 
anaesthetics from 100 (10.70)% to 40.11 (6.60)% 
and 38.59 (2.33) % for propofol and methohexitone, 
respectively. Since the amplitude of the initial 
positive wave may be taken as a rough index of the 
synaptic effectiveness of the thalamo—cortical volley 
[1] it is not surprising to find that, on average, the 
response probability of thalamic sensory cells is 
increased, which is coupled with increased latency. 
Figure 11A shows the average response probabilities 
of seven ventrobasal thalamic senscry relay cells 
which were recorded from long enough to compare 
the action of propofol with methohexitone. Note that 
after methohexitone, the latency of response shows a 
comparable increase with that after propofol, but 
that in contrast to the action of propofol, the response 
probability is decreased. This decreased thalamo- 
cortical volley is reflected in the decreased initial 
positive wave of the evoked cortical response (com- 
pare fig. 10B records P and M). Another major 
difference seen with propofol is in the responsiveness 
of cortical cells to afferent information. Unlike group 
A anaesthetics, the transfer of this information is 
impeded in all cortical layers. Cells in cortical layer 
IV do not show an increase in the probability of 
discharge which they should do if they were to 
mirror the ventrobasal thalamic volley, as they do 
with group A anaesthetics, and celis in cortical layers 
II, V and VI all show the same apparent sus- 
ceptibility (see fig. 118). As with all group A 
anaesthetics, group B anaesthetics do not affect the 
transfer of information at the first sensory relay, in 
the dorsal column nuclei. Thus the group B 
anaesthetics disrupt the transfer of information 
through the ventrobasal thalamus to give a net 
increase in the signal transmitted from this nucleus 
to the cerebral cortex. The action of propofol on 
ventrobasal thalamic cells is complex. Of the 17 cells 
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Fic. 10. a: Average time course of action of an i.v. injection of propofol 5 mg kg (vertical line) in 25 rats surgically 
anaesthetized with urethane. Data are mean, SEM. B: Five averaged cortical evoked responses superimposed from a rat 
surgically anaesthetized with urethane (each average of 50 consecutive stimuli applied to the contralateral forepaw at 
a rate of 1 s~!) before (control (C)) (upper traces) and at the peak of the effect of an i.v. dose of propofol (P) 5 mg kg™?. 
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Fra. 11. A: Effect of approximately equipotent doses of propofol (P) 5 mg kga! i.v. and methohexitone (M) 5 mg kg™+ 
i.v. on the response of seven cells isolated from the ventrobasal thalamus in rats anaesthetized with urethane. The 
upper graph shows the difference in the median latency of response from the average median latency in the period 
prior to propofol administration. The lower graph shows the probability of response. ‘The response for each cell was 
normalized to 100% for the period prior to propofol administration. Data are mean, SEM. B: Effect of i.v. propofol 
5 mg kg! on a single cell from cortical layer III (O) and 12 cells from cortical layer TV (A) (upper graph); eight 
cortical layer V (@) cells and six cortical layer VI (O) cells (lower graph). The probability (Prob.) has been normalized 
for each cell prior to obtaining the mean responses such that the average probability of each cell was taken as 100% 


during the period prior to propofol administration. 
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TABLE II. Actions of drugs which alter central noradrenergic action. Barb = Duration of barbiturate action, Sleep = 

length of time animal sleeps after administration, Anaes. = anaesthetic action, estimated from evoked cortical responses 

when superimposed upon a basal level of urethane. Inc.* for some anaesthetics only (thiopentone, Althesin, ketamine, but not 

urethane); Inc. = increase; Dec. = decrease; b* = drug does not cross blood-brain barrier; — = not tried. Drug dose ts for 
i.p. administration (for further details see text) 





Dose 
Drug Action (mg kg@*) Barb Sleep Anaes. 

6-Hydroxy dopa Depletor Inc. oe Inc.* 
ST587 @, agonist >5 Dec. m — 
Prazosin œ, antagonist >0.5 Inc. — — 
Methoxamine a, agonist 10 No effect b* en — 
Clonidine Œ, agonist > 0.125 Inc. Inc. Inc. 
Guanabenz a, agonist >1 — com Inc. 
Medetomidine Q, agonist > 0.01 — — Inc. 
Phentolamine a antagonist 40 — me No effect b* 
Idazoxan Œ, antagonist > 0.1 — Dec. Dec 
Yohimbine a, antagonist > 0.1 Dec Dec. Dec 
WY 26392 Œ, antagonist > 0.5 — Dec. Dec 
RS 21361 œ, antagonist > 20 — Dec. Dec 
Clenbuterol B agonist > 20 Dec. Dec. Dec 
Propranolol B antagonist > 20 Inc. Inc. Inc 
Sotalol B antagonist 40 No effect b* me — 
Pindolol B antagonist l Inc. memes — 
Atenolol B, antagonist 40 No effect n — 
Metoprolol B, antagonist 80 No effect — — 
Salbutamol Be agonist 20 No effect No effect No effect b* 
IC 118551 B, antagonist > 20 Inc. Inc. Inc 
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Fic. 12. A: Effect of i.p. medetomidine (Med.) superimposed on a basal concentration of urethane anaesthesia in six 

rats. C = Control. Data are mean, sp. B: Groups of four averaged cortical evoked responses superimposed (each 

average of 50 consecutive forepaw stimuli at a rate of 1 871) before (C) and after medetomidine 5 ug kg™ (5) and 
50 ug kg (50) i.p. 


studied so far, approximately 50% showed an 
increase in their response probability, 25% showed 
no change and the remainder showed decreased 


responsiveness. This differential behaviour could 
not be related to their position in the ventrobasal 
thalamus or to their modality of activation (i.e. 
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Fic. 13. A: Effect of i.p. idazoxan superimposed on a basal level of urethane anaesthesia in six rats. C = Control. Data 
are mean, SD. B: Groups of 10 averaged cortical evoked responses superimposed (each average of 50 consecutive 
forepaw stimuli at a rate of 1 s71) before (upper responses) and after idazoxan 10 mg kg™ i.p. (ower responses). 


touch, gentle pressure or hair movement). Cells in all 
layers of the cortex showed decreased responsiveness 
with cortical layer VI cells showing a marked 
decrease in responsiveness compared to their be- 
haviour after group A anaesthetics. 


NORADRENERGIC SYSTEM 


One of the first indications of a link between 
concentrations of central monoaminergic neuro- 
transmitters and anaesthesia came from the work of 
Miller and colleagues [14,20], who showed that 
decreased concentrations were associated with a 
decrease in halothane MAC and increased concen- 
trations were associated with an increased halothane 
MAC. Further understanding of the role of central 
amines in the genesis of the anaesthetic state has had 
to wait for the development of specific agonists and 
antagonists to central noradrenergic and 5-hydroxy- 
tryptaminergic receptors. The role of the nor- 
adrenergic system in sedation and anaesthesia has 
been the subject of much investigation in my own 
laboratory and a list of noradrenergic interactions to 
prolong barbiturate anaesthesia as a definite central 
effect and to induce a state of sleep or behavioural 
excitability is shown in table II (see also [7, 17~19]). 

In the initial experiments on central noradrenergic 
mechanisms, it was found that the alpha, adreno- 
ceptor agents had the most clearcut effects. There- 
fore, an investigation on their action on cerebral 
evoked responses was carried out. Urethane, apart 
from having little or no influence on respiratory and 


cardiovascular variables in the rat, produces a 
prolonged state of stable anaesthesia and is metabol- 
ized slowly. A stable level of anaesthesia has been 
measured over periods of 3h. Thus if a drug is 
administered which alters the level of anaesthesia in 
less than this period, it may be said to be exerting a 
direct effect and not just increasing the metabolic 
removal of the urethane, especially so if its effect can 
be antagonized by an appropriate agonist or an- 
tagonist (see below). It was found that alpha, 
adrenoceptor agonists increased the depth of 
urethane anaesthesia, when assessed by their action 
on evoked cerebral cortical responses, whereas alpha, 
adrenoceptor antagonists decreased the level of 
anaesthesia (see table II). The first demonstration of 
a possible role for an alpha, adrenoceptor agonist 
(clonidine) in anaesthesia was shown by Angel and 
colleagues [4]. 

Medetomidine, a potent, selective and specific 
alpha, adrenoceptor agonist has been launched 
as a powerful sedative and analgesic for veterinary 
practice and has begun to be used for clinical 
human anaesthesia. Figure 12 shows the effect of 
medetomidine when superimposed on a basal level 
of urethane anaesthesia. At small doses (< 5 ug kg“) 
it acts to decrease slightly anaesthetic level but at 
larger doses (> 20 ug kg) it increases the latency 
of the evoked cortical response and decreases the 
amplitudes of the initial positive and negative waves 
in a dose-dependent fashion (i.e. produces an 
increased depth of anaesthesia). All alpha, adreno- 
ceptor agonists tested so far (those listed in table 


CENTRAL NEURONAL PATHWAYS AND ANAESTHESIA 161 


600 S 





Probability 


10 


nm 


Latency (ms) 


on 





0 
0 10 20 30 40 50 6070 80 
Time (min) 


0 
0 10 20 30 40 5060 7080 
Time (min) 





0 4 8 12 16 20 
Latency (ms) 
Fic. 14. a: Effect of i.p. injections of medetomidine 5 pg kg? 
(first vertical line) and 50 pg kg! (second vertical line) and 
idazoxan 10 mg kg™! (third vertical line) on the probability of 
response (upper graph) and median latency (lower graph) of seven 
cortical cells from layer IV. Each cell was normalized to a response 
of 100% during the period prior to administration and the 
responses to 50 consecutive stimuli averaged before obtaining the 
mean responses. Data are mean, SEM. B: The same for four cells 
from cortical layer V. c: Effect of i.p. injection of clonidine (C) 
500 pg kg! on the discharge of a single cell isolated from the 
ventrobasal thalamic relay nucleus in a rat surgically anaesthetized 
with urethane. The ordinate shows the response number and since 
the electrical stimuli were applied to the contralateral forepaw at 
a rate of 1 s~}, it also shows time. The abscissa shows the latency 
at which the cell discharged, indicated by a single dot for each 
action potential generated by the cell. It may be seen that the 
initial discharge of the cell occurred at a later latency after 
clonidine but that the cell then continued to discharge. This gives 
a large increase in probability of response but the thalamocortical 
volley will be asynchronous. 


II) show this biphasic dose-related response on 
anaesthetic depth. The converse effect is seen with 
alpha, adrenoceptor antagonists. At small doses they 
may produce a small increase in anaesthetic depth 
but at large doses act to decrease the level of 
anaesthesia; giving a decrease in the latency and 
increases in the initial positive and negative waves of 
the evoked cortical response. An example of an 
alpha, adrenoceptor antagonist (idazoxan) is shown 
in figure 13. This provides an exciting new prospect 
for anaesthetic management; of using a powerful 
drug with known action to produce anaesthesia and 
its pharmacological antagonist to antagonize anaes- 
thesia. It must be pointed out that the anaesthetic 
action of these alpha, adrenoceptor agonists is 
achieved at very large concentrations compared to 


the doses used to produce a maximal peripheral 
effect. 

Examination of the two alpha, adrenoceptor 
agonists clonidine and medetomidine, on the 
responses of single cells along the somatosensory 
pathway shows that as with all other anaesthetic 
agents, they have no effect on the activity of cells at 
the first sensory synapse, in the dorsal column 
nuclei. Thalamic cells, however, show a large 
increase in the probability of responding to a 
peripheral stimulus, seen as a prolongation of the 
discharge to a single stimulus with an increase in the 
latency at which they first respond. The initial 
discharge is decreased, the initial latency is increased, 
but the overall probability is increased, thus giving a 
dispersed discharge such that the thalamo-—cortical 
volley becomes asynchronous (see fig. 14c). The 
same response change is seen in cells in cortical layer 
IV (see fig. 14A). Cells in this layer appear to mirror 
the ascending thalamo—cortical input as they do with 
group A anaesthetics. This behaviour is also seen 
with cells in cortical layer V, except that they show 
no change in latency of response (fig. 14B). These 
changes in cellular activity could have been predicted 
from depth—latency responses (see fig. 7B). Figure 14 
would also predict that the cellular responsiveness in 
cortical layers III and VI would show the same 
effect. Figure 14 also shows that the effect of the 
alpha, adrenoceptor agonist medetomidine, may be 
antagonized with an appropriate dose of the alpha, 
adrenoceptor antagonist idazoxan, indicating that 
there has been no increase in the metabolism of 
urethane during the course of the experiments. 

The major effect of the alpha, adrenoceptor 
agonists on sensory transmission appears to be 
complete disruption of the timing of the signals 
passed from the ventrobasal thalamus to the cerebral 
cortex. But once again it is the thalamic transfer 
which is upset, as with all group A anaesthetics. 


5-HYDROXYTRYPTAMINERGIC (5-HT) SYSTEM 


Although modulation of the 5-HT system has yet to 
produce indications for the use of agonist or 
antagonist drugs as anaesthetics, they are known to 
modulate sensory transmission. Increases in central 
5-HT concentrations with 5-hydroxytryptophan 
[11] and depletion with para-chlorophenylalanine [8] 
have been shown to change auditory evoked 
responses in opposite directions. In the present 
study, the administration of para-chlorophenyl- 
alanine was found to decrease anaesthetic depth and 
treatment with 5-hydroxytryptophan, which enters 
central neurones and promotes the release of 5-HT, 
caused an increase in anaesthetic depth. 5-HT, 
antagonists, which are centrally active, decrease the 
level of anaesthesia (see table ITI). 


CHOLINERGIC SYSTEM 


Both atropine and hyoscine, in large doses, are 
known to cause drowsiness and central depression. 
The effect on evoked cortical responses is to cause 
an increase in anaesthetic depth. That this is a 
central muscarinic effect is shown by the facts that 
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Tass III. Actions of drugs which alter central 5-hydroxytryptaminergic or cholinergic action. Anaes. = Anaesthetic 
action, estimated from evoked cortical responses when superimposed upon a basal level of urethane. Inc. = Increase; Dec. 
= decrease; b* = drug does not cross blood—brain barrier. Drug dose ts for i.p. administration (for further details see text) 


Dose 
Drug Action (mg kg?) Anaes. 

para-Chlorophenylalanine 5-HT depletor 75 Dec. 
5-Hydroxytrytophan Inc. 5-HT level 75 Inc. 

MD 7222 5-HT, antagonist > 0.001 Dec. 
Odanserin 5-HT, antagonist >2 Dec. 
Atropine Muscarinic antagonist >2 Inc. 
Hyoscine Muscarinic antagonist >1 Inc. 
Atropine methyl nitrate Muscarinic antagonist 20 No effect b* 
Mecamylamine Nicotine antagonist 8 No effect 


atropine methyl nitrate, which does not cross the 
blood—brain barrier, is without effect and that a 
central nicotinic antagonist, mecamylamine, was also 
without effect. 


CONCLUSIONS 


Anaesthetics set in train a positive series of events 
which are targeted at specific sites of synaptic 
transfer in the sensory pathway. One of their prime 
actions is to modify the transfer of information 
across the thalamic sensory relay synapse. This is 
seen with all anaesthetic agents tested. For group A 
anaesthetics, this results in a decrease in the amount 
of information which may gain access to the cerebral 
cortex. Simplistically, if the sensory message is 
barred, or impeded on its path to the sensory cortex, 
the conscious awareness of sensory messages will be 
diminished. If a fixed amount of information, above 
some threshold level, is required for conscious 
translation, then because of their impeding action on 
sensory transfer, no sensations will be reported, or 
experienced by patients and thus they will be 
anaesthetized. For group B anaesthetics, the position 
is less clear, but a thalamic upset, in addition to 
inhibition of cortical neurones will give the same end 
result. For alpha, adrenoceptor agonists, the same 
will be seen because in spite of the increased (overall) 
response of thalamic sensory relay neurones, the 
message transferred to the cerebral cortex will be less 
synchronous, and more dispersed, and this could be 
interpreted as a garbled message. If diminished or 
garbled messages reach the cerebral cortex for 
onward transfer and processing, their action on the 
sensory pathway could be used to explain the amnesia 
seen after anaesthetic administration. 

The reticular influences on brain stem, basal 
ganglia, cerebellar and motor cortical neurones 
would impede the production of volitional move- 
ments since the ascending sensory information from 
kinaesthetic receptors will be disrupted at its thal- 
amic site of transfer and the planning (basal ganglia), 
programming (cerebellum) and executive motor 
neurones (motor complex) would be deprived of 
their appropriate information and its transfer. This 
effect would be amplified by the large susceptibility 
of layer V neurones to anaesthetics, since these are 
involved in the generation of the centripetal message 
to produce movements. Reticular influences on 
vestibulospinal, cerebellar and spinal motor 
neurones could be used to explain disruption in high 


level (righting and protective) reflexes, and in stretch 
reflexes, especially if one theorizes that the action of 
anaesthetics seen on the reticular control of sensory 
neurones is the same for motor neurones (i.e. 
increased inhibition and decreased excitation). 

Finally, it should be apparent that mass cortical 
responses may only provide a limited amount of 
information about the behaviour of the central 
nervous system. It is necessary to study events at the 
single cell level to appreciate the differential effects 
of anaesthetics, This is exemplified by a comparison 
of group A anaesthetics and alpha, adrenoceptor 
drugs. The changes in the evoked responses appear 
similar but their effect on the thalamic relay nuclei 
are quite different. 


APPENDIX 
Acute experiments 


Anaesthesia. Female rats (Sheffield strain), in the weight range 
190-210 g, were anaesthetized with ethyl carbamate (25% w/v in 
0.9% saline) i.p. without premedication. The anaesthetic depth 
was adjusted to just abolish reflex withdrawal of the hindlimb to 
a strong pinch (dose 1.25~-1.5 kg~*). Ar this depth of urethane 
anaesthesia, arterial pressure and alveolar and arterial oxygen and 
carbon dioxide tensions are within normal limits [12, 15]. 


Preparation. After tracheal cannulation, the medulla was 
exposed by opening the foramen magnum and removing the arch 
of the first cervical vertebra. The left cortex was then exposed and 
the dura mater reflected. Any animals that showed signs of 
cerebral oedema were excluded from the analyses (see [3]). The 
animals, once prepared, were mounted in a stereotaxic frame and 
held rigidly by bars inserted into each external auditory meatus to 
puncture the tympanum and by a bar clamped against the hard 
palate immediately behind the upper incisors. A leak proof pool 
was formed by gripping the cut skin edges between an inner 
perspex ring and an outer circular clip and was filled with liquid 
paraffin BP which had been saturated with physiological saline at 
38 °C. To reduce movements of the exposed nervous tissue to 
respiratory effort or cardiac pulsation, the animals were sus- 
pended, with the body unsupported, between the ear bars and a 
pin inserted deep to the ligaments covering the dorsal aspect of the 
pelvic girdle and the trunk was put under slight traction. Rectal 
temperature was maintained at 37+0.5 °C by circulating water at 
40 °C through a hollow copper block placed underneath, but not 
in contact with, the animal. 


Chronic experiments 


Under thiopentone—trichlorethylene anaesthesia, and observing 
full aseptic precautions, three small screws were implanted into 
the skull: one over the sensory cortical area for the forepaw, the 
second 4mm caudal to serve as an indifferent electrode, and the 
third on the opposite side of the skull to act as an earth electrode. 
These screws were then wired into a miniature socket and the 
whole assembly embedded, together with the cut skin edges, in 
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cold-curing acrylic cement (Simplex Rapid, Dental Fillings Ltd). 
A period of at least 3 days’ recovery was allowed before subsequent 
experimentation. For recording, the animal was treated with 
chiordiazepoxide 15 mg kg and suspended in a hammock; 
chlordiazepoxide at this dose level acts as a sedative but does not 
effect significantly the cortical evoked response. 


Techniques 


Recordings. Responses from the cerebral cortex, via fine silver 
wires placed gently in contact with the surface in the acute 
preparation and from the extradural screws in the chronic 
preparation, were amplified with resistance-capacity coupled 
amplifiers and displayed on a cathode ray—oscilloscope or averaged 
with a microprocessor and stored on floppy discs for subsequent 
statistical evaluation. 

Glass micropipettes of tip diameter 2-5 pum and with tip 
impedances in the range 2-8 Mohm filled with 2% Pontamine 
Sky Blue in 0.5 mol litre! of sodium acetate were used to record 
extracellularly from single meurones. The activity from the 
electrodes was led via a short piece of chlorided silver wire into a 
high input impedance, unity gain FET input amplifier. Spike 
activity was visualized with conventional recording techniques, 
and additionally could be monitored via an audio system. 
Spontaneous and evoked cellular activity was also processed with 
a microprocessor and data were stored for subsequent statistical 
manipulations on floppy discs. ‘The microelectrode assembly was 
mounted on three lathe slides placed mutually at right angles to 
give positioning in the mediolateral, rostrocaudal and dorsoventral 
axes. The zero reference point for the stereotaxic co-ordinates in 
the rostrocaudal and mediolateral planes, set at the beginning of 
each experiment, was the bregma, the intersection of the sagittal 
and frontal cranial sutures. The dorsoventral zero was taken as the 
point at which the micropipette entered the surface of the nervous 
tissue. When the surface position had been found, subsequent 
movement of the microelectrode in the dorsoventral axis was 
controlled by a stepper-motor drive geared such that four steps of 
the motor advanced the electrode tip 1 pm. The electrode was 
usually advanced in 2 or 5 um steps until a cell had been isolated 
from the background noise and its recorded potential optimized. 
Iontophoretic ¢jection of the Pontamine Sky Blue could be used 
for histological verification of the position of the tip of the 
recording microelectrode. 


Stimulation. The right forepaw was stimulated electrically via 
gauze strips moistened with NaCl 3 mol litre’, one wrapped 
around the wrist, the negative electrode, the other around a digit. 
Care was taken when applying the strips not to occlude the blood 
supply to the hand. Rectangular pulses of 0.1-ms duration and of 
variable voltage (from 0 to 90 V), isolated from earth (Devices 
stimulator type 2533) were delivered at a rate of 1 s7?. 


Administration of drugs. Anaesthetic vapours and gases were 
given in an oxygen stream, saturated with water vapour, and 
delivered to one arm of a T-piece with the animal’s tracheal 
cannula inserted into the base of the T. The other arm of the T- 
piece was connected to an anaesthetic venting system. 

All water soluble drugs were administered in solution in saline 
at 37°C via a tail vein, except for ethyl carbamate, which was 
administered i.p, 

Of the gaseous and vaporizable anaesthetics, cyclopropane and 
nitrous oxide inspired concentrations were determined by meas- 
uring the gas flow relative to that of the oxygen flow; diethyl 
ether, enflurane, halothane, methoxyflurane, isoflurane and tri- 
chlorethylene were delivered from calibrated vaporizers (Cyprane 
Ltd). The other vapours were crudely administered by diverting 
a measured portion of the oxygen flow through a Dreschel bottle 
containing the anaesthetic. 
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BEDSIDE APTT AND PT MONITORING 


Sir,—-Recently an extensive and interesting review in the BFA [1] 
emphasized the importance of thrombelastography (TEG) for 
monitoring coagulation in the perioperative period. Whereas 
TEG investigates haemostasis as a whole dynamic process, 
activated thromboplastin time (APTT) and prothrombin time 
(PT) represent isolated end-points in haemostasis and give no 
information on interaction between platelets and the coagulation 
cascade [1]. However, we wish to present a clinical report showing 
that, at least in certain circumstances, bedside “real-time” 
monitoring of APTT and PT can improve the management of 
patients by anaesthetists, in the operating theatre. 

A 67-yr-old woman, recovering from inferior left limb throm- 
bosis, manifested epigastric pain after eating. Radiological exami- 
nations (stomach x-ray and abdomen CT scan) and gastric 
biopsies demonstrated diffuse infiltrative adenocarcinoma of the 
stomach extending to the pancreas. A few days later, new 
thrombosis developed, occluding the deep veins of the inferior 
right limb. The patient was treated with infusion of heparin 
(about 25000 iu day~!), maintaining APTT between 1.5 and 2.5 
times normal. The patient was scheduled to undergo surgery and, 
2 days before the date appointed for operation, the heparin 
infusion was reduced to 15000 iu day}. Complete thrombosis 
developed of the right subclavian and internal jugular vein. 
Heparin infusion was increased and surgery delayed until 
resolution of the thrombosis. The heparin infusion was reduced 
(500 iuh™) only 3h before operation. At the beginning of 
surgery, APTT was 188 (normal values 18-318), the Inter- 
national Normalized Ratio (INR) was 1.2 and other variables of 
haemostasis (platelets, fibrinogen, antithrombin ITI, fibrin degra- 
dation products) evaluated by the central laboratory were within 
the normal range. 

During the operation (gastrectomy and resection of body and 
tail of the pancreas), serial measurements of APTT and PT were 
performed on fresh whole blood at the patient’s bedside, using a 
512 coagulation monitor (Ciba Corning, U.S.A.}-—a small, 
rechargeable, portable instrument. One drop of fresh whole blood 
is deposited on the surface of a test cartridge containing dry 
reagents which activate the coagulation process. Results are 
obtained within 2-3 min and data expressed in seconds, the ratio 
between the patient’s and the normal value and INR. During the 
operation, the patient received crystalloids 2000 ml and plasma 
expanders 1000 ml, packed red cells 5 units, 500 ml of blood cells 
as autotransfusion and fresh frozen plasma 3 units. APTT was 
18-140 s, INR in the range 1.25-1.78. Ionized calcium was always 
within the normal range. Monitoring of APTT and PT allowed 
rapid assessment of heparin infusion and of dilutional hypo- 
coagulability, and the subsequent treatment of these conditions. 
During the operation there was no clinical evidence of haem- 
orrhage. Twelve hours after the end of the operation, heparin 
infusion was increased to 900 iu h (APTT 1.5 times normal). 
The postoperative blood loss was considered normal by the 
surgeons. 

Bedside APTT and PT monitoring is reliable and performed 
easily and quickly. This monitoring aids anaesthetists to manage 
patients affected by deep venous thrombosis and thrombophylic 
patients undergoing anticoagulant therapy and who require 
surgery. APTT was found to correlate significantly with all TEG 
variables [2] and PT was found to correlate significantly with the 
number of units of blood transfused [3]. It would be of major 
interest to investigate if, during haemorrhagic surgical procedures 
requiring large transfusion, bedside APTT and PT monitoring 
can help to rationalize the use of blood components. 


R. IMBERTI 

I. PRESEGLIO 

G., VERDE 
Pavia, Italy 
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Sir,—Thank you for the opportunity to reply to this letter. 

The management of the acutely bleeding patient is undoubtedly 
facilirated by the use of “bedside” coagulation tests. It is 
important, however, that the costs of these tests are balanced 
against the amount of information gained: for instance, the 
current U.K. cost of Ciba Corning PT is £3.34 per cartridge and 
the APTT is £4.20. Whether APTT and PT monitoring alone 
can rationalize the use of blood products is somewhat debatable, 
as these tests are limited to the start of clot formation and do not 
help in assessing its dynamic development, stability and strength. 
Bedside monitoring of APTT (and PT) would, however, seem to 
be a major advance for the clinician managing anticoagulated 
patients during operation or in the intensive care unit. 

Before blood product therapy such as fresh frozen plasma is 
used to correct a prolonged PT and APTT, it is clear that more 
work needs to be done to define “normal” changes in patients 
undergoing extensive surgery with and without major bleeding, as 
striving to keep these variables within tight limits may be both 
unnecessary and unrealistic. We agree with the authors that it 
would be of interest to evaluate further the use of bedside testing 
of PT and APTT in surgical patients. 

S. V. MALLETT 

D. J. A. COX 
Royal Free Hospital 
London 


SORE THROAT AFTER SUXAMETHONIUM 


Sir,—In their paper comparing alfentanil and suxamethonium, 
used to facilitate intubation for day-case dental surgery [1], 
Alcock and colleagues express surprise at the greater incidence of 
postoperative sore throat in those patients receiving suxameth- 
onium [1]. They would have expected this complication to be 
more common in the alfentanil group, because of the increased 
manipulation of the tracheal tube sometimes required in these 
less-well relaxed patients. (Placement of the pharyngeal pack 
would, similarly, tend to be more traumatic.) The authors are 
unable to explain this preponderance of sore throat in the 
suxamethonium group. 

I suggest that this discomfort was merely the interpretation by 
the patient of myalgia affecting the muscles of the pharynx—that 
is, a local manifestation of the generalized muscle stiffness and 
pain associated with suxamethonium. It would be instructive to 
examine the data produced by the study for any possible 
correlation between sore throat and muscle pain. 


S. J. DE C. DEACOCK 
Charing Cross Hospital 
London 


1. Alcock R, Peachey T, Lynch M, McEwan T. Comparison of 
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RESPIRATORY DEPRESSION AFTER EXTRADURAL 
FENTANYL 


Sir,—The letter by Wang [1] adds one more to at least three 
existing case reports on ventilatory depression after single 
extradural injections of fentanyl [2-4]. The attribution of the 
effect to perispinous vascular communications between extradural 
and cerebral blood vessels is unconvincing. It is hard to reconcile 
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with the delay of more than 1h between administration of 
fentanyl and hypoventilation [1,2], and it ignores several other 
possible causes that others have discussed. 

Ventilatory depression may be expected within the first 1 h after 
extradural injections of larger doses of lipophilic opioids. It may, 
quite reasonably, be attributed to systemic absorption of most of 
the dose, although a short latency from injection does not 
necessarily preclude effects from CSF-borne opioid. Clearly, 
ventilatory depression can occur more than 1h after extradural 
injections of lipophilic opioids, with systemic concentrations 
considerably smaller than the analgesic range, but latencies longer 
than 2 or 3 h have not been reported—in contrast with morphine. 

In none of the case reports has the dose of fentanyl been 
suspiciously large. A dose of 200ug produces a clinically 
insignificant depression of ventilatory carbon dioxide sensitivity, 
maximal at 60 min [5]. The same dose i.m. produced no detectable 
depression, despite producing greater systemic concentrations of 
fentanyl. Thus the depression seen with the extradural dose was 
probably caused by fentanyl reaching the brainstem via another 
route-——-presumably the CSF—with a contribution from the 
systemic concentrations which, at 60 min, had reached a maximum 
within the range for systemic analgesia [6]. Extradural doses of 
fentanyl, 100 pg or less, and equi-effective doses of other lipophilic 
opioids, produce concentrations that would not, by themselves, 
produce analgesia or depression of breathing [7, 8]. If the input of 
such opioids is continued over a period, and even if one attempts 
to restrict the dose to the minimum required by the patients, 
systemic concentrations are liable to increase into the range that 
produces systemic analgesia and depression of breathing. Thus 
the occurrence of severe sedation [9] or depression of breathing 
[10] during the course of continued postoperative infusions of 
fentanyl is not unexpected. 

Rapid injections of large volumes (15-20 ml) of extradural 
injectate may be expected to promote rostral spread in the 
extradural space and more rostral penetration into the CSF [11], 
especially in patients of short stature [12]. This may cause 
ventilatory depression from CSF-borne opioid that is indis- 
tinguishable from the systemic effects, except perhaps for the 
severity in relation to dose. 

Extradural injections in large volumes may account for the cases 
of early or intermediate-latency ventilatory depression reported 
with methadone 4 mg [13], buprenorphine [14], sufentanil 50 ug 
[15] or hydromorphone 1.25 mg [16]. Slower rates of injection or 
divided injections of much larger doses have been tolerated much 
better (for example an accidental infusion of sufentanil 180 pg 
[17)). 

In none of the four case reports of ventilatory depression after 
extradural fentanyl was the dose (90-100 ug) given rapidly in a 
large volume, although effects were detected as high as T2 [1] and 
C4-5 in two patients [2]. In one patient [4], the disturbance 
caused by lithotripsy was invoked as possibly accelerating 
cephalad spread of the modest volume of extradural injectate. 
That patient also received droperidol (and midazolam and 
nalbuphine) systemically, and the administration of the antiemetic 
metoclopramide [1, 2] was a suspiciously common feature in two 
of the remaining three (the third received diamorphine in addition 
to the extradural fentanyl [3]). Droperidol was also implicated in 


the report by Cohen, Rothblatt and Albright of ventilatory _ 


depression 15 min after extradural hydromorphone [16]. 

It is tempting to postulate some interaction of antiemetics with 
depressant effects of opioids on breathing (possibly through 
modulation of central catecholamine release by actions on 
dopaminergic receptors [18]). There is no particular suspicion of 
any such interaction with systemically administered opioids, so 
the postulate would have to include the presence of relatively large 
concentrations of opioid in the CSF bathing the brainstem. Wells 
and Davies [4] reported hypoalgesia extending to the face as 
evidence of large concentrations of opioid bathing the nuclei of the 
cranial nerves. Sudden occurrence of severe nausea and onset of 
vomiting may be corroborating evidence. If opioid-induced 
vomiting were the prelude to both ventilatory depression and 
administration of an antiemetic, the association between the 
depression and the antiemetic may need no further explanation. 
However, it is notable in the case reported by Cohen, Rothblatt 
and Albright [16], that the vomiting and the administration 
of droperidol preceded administration of extradural hydro- 
morphone. 

Ideally, the postulate of a ventilatory depressant interaction 
between systemic antiemetic and CSF opioid ought to be tested by 
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a randomized controlled trial. However, any such trial would 
involve almost impossibly large numbers because administration 
of antiemetics with extradural opioids is relatively common and 
the incidence of late onset ventilatory depression is relatively rare. 
Better information on the possible risk may be obtained by a 
request to all anaesthetists to report all cases of ventilatory 
depression with extradural fentanyl, with or without concurrent 
administration of antiemetics. Alternatively, the centres that use 
extradural opioids should co-operate in a multicentre prospective 
audit to examine questions of this type. 

Meanwhile, the utmost vigilance should be maintained when 
using extradural opioids, but particularly when the use is 
accompanied by sedation, nausea, vomiting or the use of 
antiemetics. 

J. CHRUBASIK 

S. CHRUBASIK 
Ruprecht-Karls- Universitat 
Heidelberg, Germany 

A. BLACK 
British Royal Infirmary 
Bristol 
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Sir,—The suggestion of a ventilatory depressant interaction 
between systemic antiemetic (in this case metoclopramide) and 
CSF opioid is interesting. 

Metoclopramide has been used extensively for the treatment 
and prevention of nausea and vomiting, in the past 30 years and 
there is an extensive literature on its efficacy. Recognized side 
effects of metoclopramide include extrapyramidal reactions, 
sedation, restlessness and cardiovascular effects. However, res- 
piratory depression has not been reported and high-dose meto- 
clopramide has been used in the prevention of nausea and 
vomiting in patients receiving chemotherapeutic agents [1]. 

Chrubasik, Chrubasik and Black have concentrated their 
comments on the dosage and the time course of respiratory 
depression. The respiratory depression observed after extradural 
fentanyl may be caused by three mechanisms alone or in 
combination: a systemic effect; rostral spread in the CSF [2]; 
rostral spread via a direct perimedullary channel [3]. A systemic 
effect seems unlikely. It is generally accepted that fentanyl, a 
highly lipid-soluble opioid, easily crosses the dura and quickly 
penetrates the spinal cord, inducing segmental analgesia without 
the side effects associated with migration of the opioid in a rostral 
direction [3]. However, the study by Gourlay and colleagues [2] 
demonstrated rapid (30 min) appearance of large concentrations 
of fentanyl in cervical CSF after lumbar extradural, but not in i.v., 
fentanyl injection. The mechanism for this rapid redistribution is 
uncertain, but it may explain cases of rapid-onset, severe 
respiratory depression from lipid-soluble opioids. In my case 
report, respiratory depression occurred 80 min after the initial 
injection of bupivacaine and fentanyl. 

It seems probable, therefore, that the respiratory depression in 
this patient was caused by the larger doses of fentanyl being 
administered, enhancing rostral spread via a direct perimedullary 
vascular channel [3]. 

I agree strongly with Drs Chrubasik, Chrubasik and Black that 
the utmost vigilance should be maintained with every use of 
extradural opioids, 

C. Y. WANG 
Kuala Lumpur 
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NEUROMUSCULAR BLOCK AND INSERTION OF THE 
LARYNGEAL MASK AIRWAY 


Sir,—We have been following the recent correspondence about 
hypoxaermia and laryngeal mask airway (LMA) insertion and were 
interested in the comments on insertion under neuromuscular 
block (1, 2]. Hayes, Allsop and Gillies found that insertion of the 
LMA was difficult in 16 of 87 patients after induction of 
anaesthesia with propofol 2 mg kg 7} and fentanyl 1 ug kg [3]. In 
contrast, Yaddanapudi and colleagues found that thiopentone 
3—6 mg kg™? and suxamethonium 1.5 mg kg resulted in only one 
difficult insertion in 20 subjects [1]. Based on these results, 
Yaddanapudi’s group suggested that insertion of the LMA under 
neuromuscular block was a viable alternative to insertion with 
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propofol and might be considered when the requirements of 
surgery necessitated controlled ventilation. 

As Gillies commented [2], it is difficult to make direct 
comparisons between separate studies with different designs. We 
present data from the control groups of the two LMA insertion 
studies we have conducted and which followed similar designs and 
incorporated standardized criteria for successful insertion. From 
these data, we feel that a more conclusive statement can be made 
regarding ease of insertion of the LMA with propofol and fentanyl 
compared with thiopentone and suxamethonium. 

Ethics Committee approval and informed consent were ob- 
tained for both studies. Control group A comprised 40 patients in 
whom anaesthesia was induced with fentanyl 1 pg kg™ followed, 
2min later, by propofol 2.5 mg kg™!. In control group B, 50 
patients underwent induction of anaesthesia with thiopentone 
4-6 mg kg! and, after loss of consciousness and lash reflex, were 
given suxamethonium 1 mg kg™!. All the patients were fasted, 
ASA I-II and were monitored with an ECG, pulse oximeter and 
Dinamap. All patients were preoxygenated for 3 min, with no 
subsequent manual ventilation. 

A standard insertion technique was used in both groups [4]. In 
control group A, LMA insertion was attempted I min after 
completion of propofol injection. In control group 2, LMA 
insertion was attempted when fasciculations had ceased. When the 
LMA was in position, a fibreoptic scope was passed to the level of 
the mask aperture bars and the view scored [5]. Function was 
assessed by gentle hand ventilation and synchronous observation 
of chest wall movement. 

The mean age, weight and male: female ratio were similar in the 
two groups. The results for fibreoptic scoring are shown in table 
I. In all patients, oxygen saturation remained greater than 94%. 
In control group A, all LMA were inserted within 10 s of placing 
the bowl of the LMA in the mouth to inflation of the cuff. In 
contro! group B, there was one failure and in all other patients the 
insertion time was between 5 s and 18 s from the time the LMA 
was picked up to inflation of the cuff. The distribution by 
fibreoptic scoring between contro] group A and group B was 
analysed using the chi-square test and revealed no significant 
difference. 


TABLE I. Results for fibreoptic scoring. Score 4 = only cords; 3 = 

cords plus posterior epiglottis ; 2 = cords plus anterior epiglottis ; 1 = 

cords not seen, but function adequate ; 0 = failure to insert within 60 $ 
or to function 


Score 
Median 
4 3 2 1 0 score 
Group A 23 10 6 1 0 3.4 
Group B 26 6 10 7 1 3.0 
Total 49 16 16 8 l 3.2 


These data suggest that there is no difference between ease of 
insertion of the LMA using propofol 2.5 mg kg™ and fentanyl 
l ug kg! compared with thiopentone 4-6 mg kg and suxa- 
methonium 1 mg kg™!. Itis possible that smaller doses of propofol, 
as used by Haynes, Allsop and Gillies [3] may make conditions 
less favourable for LMA insertion, although Blake and colleagues 
found no difference in ease of insertion of the LMA when 
comparing a dose of 2 mg with 2.5 mg at 90 s [6]. 

It would seem that neuromuscular block provides good 
conditions for LMA insertion, but no better than those provided 
by an adequate dose of induction agent. Given the lack of 
improvement in insertion conditions, there would appear to be no 
advantage in routinely using neuromuscular blocking drugs to aid 
insertion. We also suggest that, if an adequate dose of induction 
agent has been administered and there is subsequent difficulty in 
LMA insertion, suxamethonium would not improve conditions 
for insertion. If tracheal intubation has failed, however, it is useful 
to know that LMA insertion can be achieved easily if the patient 
is still paralysed. 

J. BRIMACOMBE 

A. BERRY 
Royal Perth Hospttal 
Perth, Australia 


CORRESPONDENCE 
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Sir,—Thank you for the opportunity to respond to the letter of 
Drs Brimacombe and Berry. Their results clearly indicate that an 
adequate dose of induction agent provides as good insertion 
conditions for the laryngeal mask airway (LMA) as neuromuscular 
block. We have not suggested that neuromuscular block be used 
routinely in all patients. We feel that an adequate depth of 
anaesthesia is necessary before an attempt is made to introduce the 
LMA. Where the surgical requirements demand muscular 
relaxation and controlled ventilation, we see no harm in inducing 
neuromuscular block before securing the airway with an LMA as 
an alternative to either an adequate dose of i.v. anaesthetic or an 
inhalation agent. 
L. N. YADDANAPUDI 
L. KASHYAP 
New Delhi, India 


PREOPERATIVE FASTING GUIDELINES FOR CATARACT 
SURGERY UNDER REGIONAL ANAESTHESIA 


Sir,—We welcome the editorial by Professor Strunin [1] on 
preoperative fasting guidelines, recommending clear fluids in 
healthy patients undergoing elective surgery. We have gone 
further for patients who undergo cataract surgery; they are often 
elderly and suffer from systemic disease which requires medi- 
cation. At the Gimbel Eye Centre in Calgary, all cataract surgery 
is conducted under regional anaesthesia, either retrobulbar or 
peribulbar block, and sedation is required in less than 1% of the 
patients. Since 1984, all patients have been advised to have their 
normal breakfast, including solids if this is their habit, and 
medications on the morning of surgery. There is therefore no 
change in their daily routine. This is particularly appreciated and 
satisfactory for diabetic patients who account for approximately 
12% of all our cataract patients. “Pure” regional blocks (without 
sedation) are also used at Foothills Hospital, where the same 
preoperative regimen was adopted in 1988. Our combined 
experience now extends to more than 30000 patients, with no case 
of aspiration of gastric contents. This number includes 14 patients, 
eight of whom lost consciousness, in whom central spread of the 
local anaesthetic occurred [2]. No measurements of gastric fluid 
volume or pH have been made and the absence of complications 
does not mean that they cannot occur. Nevertheless, the statistical 
“rule of three” (3/n) [3] means that the long-term incidence will 
not be greater than 3:30000 or 1:10000. 

We emphasize that these patients do not have heavy sedation, 
and the regional block is not converted to a general anaesthetic. 
For this particular group of patients, we therefore recommend no 
preoperative fast and encourage full diet. In contrast, we do not 
allow solid food for patients undergoing major regional blocks 
such as brachial plexus or extradural block which may require i.v. 
sedation or conversion to general anaesthesia. For those patients, 
we endorse Professor Strunin’s recommendation of clear fluids 
only on the day of surgery. 

J. R. MALTBY 

R. C. HAMILTON 
Foothills Hospital 
Calgary 
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Time for new guidelines. British Journal of Anaesthesia 1993; 
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2. Hamilton RC, Gimbel HV, Strunin L. Regional anaesthesia 
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FASTING BEFORE ANAESTHESIA 


Sir,—While interested in challenging unfounded dogma [1], we 
should not discard accepted practice until better methods are 
demonstrated. In addition, new ideas can easily be misconstrued. 
According to our local newspaper [2], not only can you “win an 
op on the radio” through last-minute cancellations by other 
patients for operations on “such ailments as varicose veins, 
hernias and ingrowing toenails”, but Sidcup hospital advised that 
“as these patients will receive only a light anaesthetic, it shouldn’t 
matter if they have already eaten”!!! This message was spread to 
more than 75000 people—the newspaper's claimed distribution. 
The two patients who died in Mendelson’s report [3] had 
ingested “full meals”? 6 and 8h before anaesthesia: they died 
because of suffocation on the delivery table. I hope that history 
unlearnt is not relearnt. 
C. LANIGAN 
Medway Hospital 
Gillingham 


1. Strunin L. How long should patients fast before surgery? 
Time for new guidelines. British Journal of Anaesthesia 1993; 
70: 1-3. 

2. “Win an op on the radio!”’. Greenwich and Eltham Mercury 
February 4, 1993; p. 1. 

3. Mendelson CL. The aspiration of stomach contents into the 
lungs during obstetric anesthesia. American Journal of 
Obstetrics and Gynecology 1946; 52: 191-205. 


ANAESTHESIA FOR NASOTRACHEAL INTUBATION IN 
DENTISTRY 


Sir,--Two papers in the same issue report success rates of 90% 
[1] and 83% [2] for nasotracheal intubation in dental practice 
using propofol and alfentanil. Alcock and colleagues [1] wished to 
avoid possible excessive cardiovascular depression with a larger 
dose of propofol and Coghlan, McDonald and Csepregi [2] did 
not wish to use topical local anaesthesia. 

I anaesthetize day~case patients using tracheal intubation in an 
isolated dental unit and wish to avoid myalgia and adverse 
reactions associated with the use of suxamethonium. 

The publication by Guidon-Attali and colleagues [3] reporting 


100% success using propofol 3.5 mg kg and topical anaesthesia 


led me to change my practice. Adult patients requiring intubation 
are placed supine to prevent haemodynamic consequences, 
continuous monitoring of ECG, non-invasive arterial pressure 
and pulse oximetry are commenced and patients receive alfentanil 
500 ug. Those scheduled to undergo multiple extractions are 
given an oral NSAID before anaesthesia. 

Propofol 3.5 mg kg! is administered and at laryngoscopy the 
cords are sprayed with 10% lignocaine; a further bolus of up to 
50 mg may be required to ensure successful intubation. An- 
aesthesia is maintained by spontaneous breathing of a mixture of 
nitrous oxide, oxygen and enflurane. 

Using this technique, successful intubation without either 
significant myalgia or response to intubation is the rule and 
recovery is not delayed. 

A. P. J. LAKE 
Ysbyty Glan Clwyd 
Bodelwyddan, Wales 


1. Alcock R, Peachey T, Lynch M, McEwan T. Comparison of 
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with propofol for nasotracheal intubation without neuro- 
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muscular block. British Fournal of Anaesthesia 1993; 70: 
89-91. 

3. Guidon-Attali C, Mouillac F, Quilichini D, Paut O, François 
G. Propofol as the main anaesthetic agent in dental surgery. 
Acta Anaesthesiologica Scandinavica 1990; 34: 397-399. 


Sir,—Thank you for the opportunity of replying to the comments 
of Dr Lake. We agree that the use of larger doses of propofol and 
the additional use of 10 % lignocaine may improve the success rate 
for intubation. However, it is still our view that the use of topical 
anaesthesia is inappropriate when intraoral surgery is performed, 
especially when procedures may be very short in duration. 

We were also interested to read the paper by Alcock and 
colleagues [1] who compared the use of suxamethonium with 
alfentanil for nasotracheal intubation. They had a similar success 
rate of intubation (90%) as ourselves (83%) when using a 
combination of alfentanil and propofol. Interestingly, they 
suggested that the technique was unsuitable if difficulty in 
intubation was anticipated. However, we believe that the tech- 
nique, when used by experienced operators, may be useful in the 
management of an anticipated difficult airway or intubation, for 
two reasons. First, assessing the ability to maintain an airway with 
a facemask is facilitated. Second, if jaw relaxation is not a 
problem, a “quick look” laryngoscopy to assess ease of intubation 
or otherwise is usually straightforward. The advantage of this 
technique is that, should problems occur, the effects of alfentanil 
may be antagonized rapidly by naloxone. 


S. F. E. COGHLAN 

P. F. MCDONALD 

G. CSEPREGI 
Walton Hospital 
Liverpool 


1. Alcock R, Peachey T, Lynch M, McEwan T. Comparison of 
alfentanil with suxamethonium in facilitating nasotracheal 
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aesthesta 1993; 70: 34-37. 


THROMBELASTOGRAPHY IN THE MANAGEMENT OF 
CARDIOPULMONARY BYPASS FOR A PATIENT WITH 
REDUCED PROTHROMBIN CONVERSION BECAUSE OF A 
RARE FAMILIAL HAEMOSTATIC DEFECT 


Sir,—We read with interest the recent review on the subject of 
thrombelastography [1], which provided global and dynamic 
assessment of haemostatic function from a single blood sample. 
We describe a case in which the thrombelastogram (TEG) proved 
helpful in a patient presenting for coronary artery bypass graft 
surgery who had an unusual inherited haemorrhagic disorder. 

A 50-yr-old woman required emergency cardiac surgery for 
unstable angina after an inferior myocardial infarct. Thrombolytic 
therapy had not been given because she had been diagnosed 
previously as suffering from a rare familial haemorrhagic disorder. 
The condition, described originally by Parry, Giddings and 
Bloom in 1980 [2], is characterized by reduced prothrombin 
conversion as shown by grossly prolonged prothrombin con- 
sumption index. All known plasma coagulation factors are present 
in adequate concentrations. In vive and mm vitro studies suggest the 
abnormality results from the presence of an inhibitor of the 
interaction between plasma and phospholipid during blood 
coagulation [2]. Fresh frozen plasma, platelets and blood trans- 
fusion have been necessary in some patients after surgery [2]. The 
diagnosis in our patient had been made after investigation of her 
son who, aged 7 yr, had required blood transfusion for excessive 
bleeding after tonsillectomy. She herself had bled for 24h after 
dental extraction, but had undergone cholecystectomy without 
excessive bleeding. 

As there are no previous reports of anaesthesia for cardio- 
pulmonary bypass (CPB) in patients with this condition, advice 
about anticoagulation was obtained from the consultant haemato- 
logist, who had liaised with the referring hospital. Before 
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operation, conventional tests of coagulation were normal, as 
would be expected in this condition. The antifibrinolytic agent 
tranexamic acid 1g four times a day orally was prescribed. 
Anaesthetic management was according to normal practice in our 
institution. Preoperative TEG and activated clotting time (ACT) 
before systemic heparinization were within normal limits. ACT 
was 4608 after administration of heparin 3 mg kg™ before the 
onset of CPB. An additional heparin 10000 units was administered 
during CPB to maintain the ACT greater than 480s. After the 
patient was weaned from CPB, protamine sulphate 250 mg was 
given, with restoration of ACT to 132 s. TEG performed at the 
time showed evidence of excessive fibrinolysis which reverted to 
normal after administration of an additional dose of tranexamic 
acid 500 mg i.v. A cell-saver was used to reinfuse shed and pump 
blood. There was no evidence of excessive bleeding in the post- 
bypass period (360 ml over 24h), and no blood products were 
administered. 

CPB induces several complex disturbances in the coagulation 
and fibrinolytic system which are not detected by routine 
coggulation tests; the TEG has been shown to be more useful in 
this situation [3]. It appears that systemic heparinization and CPB 
are safe in this very rare condition. The use of antifibrinolytic 
therapy prophylactically and guided by the TEG in the post- 
bypass period may be beneficial. We were able to avoid the 
empirical use of fresh frozen plasma and platelets. 


Royal Liverpool University Hospital 
Liverpool 
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LARYNGEAL SPASM 


Sir,~-The recent article [1] and Editorial [2] in British Journal of 
Anaesthesia prompt me to write concerning the treatment of post- 
anaesthetic laryngospasm. The treatment which is usually sug- 
gested is to administer oxygen under pressure using a face mask, 
and if dangerous desaturation is occurring, to re-intubate the 
trachea after injection of an induction agent and suxamethonium. 
Applying oxygen under pressure to an edentulous, elderly patient 
lying on his side may be difficult and does not relieve the patient’s 
discomfort and even terror; further, reintubation may be followed 
by recurrence of the laryngospasm when the tube is removed 
again. 

For many years, I treated post-anaesthetic laryngospasm 
effectively by injecting a small dose of pethidine i.v. My rationale 
was that I was probably reducing the sensitivity of the afferent 
limb of the reflex arc which caused the spasm. However, since the 
advent of Diazemuls, I have used this drug i.v. to treat cases of 
laryngospasm which do not respond rapidly to more simple 
methods such as removing secretions from the pharynx and 
turning the patient to a lateral position. The benzodiazepine 
produces an almost immediate cure. In addition to relaxing the 
larynx, it also calms the patient and reduces the greatly increased 
oxygen demand caused by frantic efforts to breathe. I no longer 
attempt to aspirate secretions from the posterior pharynx in such 
patients, as this may exacerbate the spasm; instead, I wait until 
the larynx is relaxed and then persuade the patient to inhale 
quietly then to cough and clear the secretions, which can be 
expectorated or aspirated from the mouth. 

Of course, this treatment of laryngospasm by depressing upper 
airway reflex sensitivity carries the theoretical risk of encouraging 
inhalation of regurgitated gastric contents or other material. 
However, as stated in the Editorial [2], “although aspiration after 
anaesthesia may be a relatively frequent event after anaesthesia, 
serious complications appear to be rare”. In contrast, serious 
hypoxaemia caused by laryngospasm may be a very serious event 
in a patient with, say, compromised coronary circulation. 


CORRESPONDENCE 


The use of i.v. diazepam to treat laryngospasm ought to be 
better known and more frequently used. 


A. A. GILBERTSON 
Royal Liverpool University Hospital 
Liverpool 


1. Murphy PJ, Langton JA, Barker P, Smith G. Effect of oral 
diazepam on the sensitivity of upper airway reflexes. British 
Journal of Anaesthesia 1993; 70: 131~134. 

2. Drummond GB. Upper airway reflexes. British Journal of 
Anaesthesia 1993; 70: 121-123. 


Sir,—Thank you for the opportunity of replying to Dr Gilbert- 
son’s letter. 

Life-threatening laryngospasm produces strong closure of the 
glottis which is maintained well beyond the cessation of mucosal 
irritation [1]. Laryngospasm consists, neurophysiologically, of 
prolonged tonic adductor spike and muscle activity [1]. The 
sensitivity of laryngeal adductor neurones involved in the 
production of laryngospasm has been investigated by Ikari and 
Saski [2]. They found that the threshold of the laryngeal adductor 
neurones varies sinusoidally during spontaneous ventilation, with 
laryngeal closure occurring more readily during the expiratory 
phase. They also found that increasing Pago, decreases the 
reactivity of adductor neurones, and laryngospasm is more likely 
to occur in hypocapnoceic states. Interestingly, severe hypoxaemia 
(Pao,) less than 6.6 kPa was found to diminish the excitability of 
adductor neurones, such that laryngospasm was inhibited. 

In further work that we have conducted on the sensitivity of 
upper airway reflexes, we have investigated sensitivity after 
Diazemuls 0.2 mg kg i.v. in healthy, normal volunteers. We 
found a highly significant depression of the sensitivity of airway 
reflexes occurring maximally at 5 min after injection and lasting 
approximately 30 min. 

I believe that many of the agents that we use in anaesthesia may 
have quite different actions on the complex brainstem reflexes 
controlling upper airway reflexes, and although I do not have any 
personal experience in the use of i.v. benzodiazepines to treat life- 
threatening laryngospasm as described by Dr Gilbertson, this 
does concur with our experimental findings in volunteers. 


J. A. LANGTON 


Leicester Royal Infirmary 
Letcester 
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FACE MASKS AND ANAESTHESIA 


Sir,—We are concerned that Dr Wildsmith does not understand 
the motives for presenting our work on the use of face masks 
during regional anaesthesia [1], 2]. We must respond by asserting 
that the objective of our work was to help achieve greater 
understanding of some of the factors involved in the safe 
administration of regional anaesthesia. Specifically, our study was 
designed to examine the role of speech in the dispersal of upper 
airway bacteria. In common with many who present their work, it 
is our hope that subsequent practice, even if unaltered, may at 
least be performed on a more rational basis. We do not wish to 
discourage the use of face masks as a consequence of our work, but 
simply to encourage the examination of the effect of speech on 
bacterial dispersal. We feel that if the taking of a simple precaution 
is indeed prudent, as Dr Wildsmith suggests, then this practice 
will stand up to a little scientific scrutiny. 


S. W. O'KELLY 

D. MARSH 
Queen Alexandra Hospital 
Portsmouth 


1. O'Kelly SW, Marsh D. Face masks and spinal anresthesia. 
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Sir,—I regret that Drs O’Kelly and Marsh have misunderstood 
me. I did not question directly their motives for presenting their 
work regarding the use of face masks during regional anaesthesia. 
What I was questioning were the motives that drive many of our 
colleagues to find an excuse for not wearing a face mask during 
such procedures. It is a simple, harmless precaution that has been 
shown to reduce bacterial contamination of a surface close to the 
Anaesthetist’s face. 
J. A. W. WILDSMITH 
Royal Infirmary 
Bdinburgh 


ARTERIAL PRESSURE MEASUREMENT IN PREGNANCY 


Sir,—Hasan, Thomas and Prys-Roberts [1] concluded that, in 
patients on the labour ward “Dinamap diastolic arterial pressure 
must be corrected using a regression equation, or simply by 
adding 10 mm Hg, before being compared with the available 
normal and hypertensive arterial pressure values”. This may be a 
valid conclusion to this limited study, but is inappropriate in 
primigravid patients with more severe pre-eclampsia. The 
problems of the use of automated, oscillometric devices in patients 
with severe pre-eclampsia have been raised previously [2], 
although there is considerable concern within the obstetric 
community following the recording of more than 500 eclamptic 
episodes by the British Eclampsia Survey Team in a national audit 
in 1992 [to be published]. 

In this study the group consisted of 28 patients; five had 
hypertension at some stage of the pregnancy and four of those had 
proteinuria, although this was not quantified. Seven patients had 
extradural anaesthesia and in the series of observations it appeared 
that only two patients had arterial pressures greater than 
150 mm Hg, and only ome patient had a pressure greater than 
95mm Hg. It is not evident if any patient had pre-existing 
hypertension with superimposed pre-eclampsia. Whether the 
patients were nulliparous or parous was not stated. Each of these 
observations has a bearing on the compliance of the circulation at 
the time of study. The marked variation between the techniques 
may reflect concurrent uterine activity, variation between mid- 
wives and the non-contemporary observations between the 
automated device and the midwife. 

In a study [3] of antepartum, primigravid patients with severe 
proteinuric hypertension (> 3g of proteinuria per 24h) (n= 
17) and normotensive primigravid patients (n = 40) at 32-42 
weeks gestation, automated oscillometric observations were 
compared with contemporaneous auscultatory observations. The 
mean differences between phase 4 of the vascular sounds and the 
parameter identification point for diastolic arterial pressure was 
14.8 mm (+ 2.9) in the hypertensive group and 7.5 mm (+ 1.9) in 
the normotensive group (P < 0.001). The mean differences 
between phase 1 and the parameter identification point for systolic 
arterial pressure were 5.4mm (+1.4) and 2.4mm (+0.9), 
respectively (P < 0.01). “Systolic” and “diastolic” differences of 
20 mm Hg and 35mm Hg, respectively were recorded in two 
patients with proteinuria of 6 ¢/24 h. 

As the authors indicate, the guidelines for the management of 
hypertensive diseases in pregnancy are based on studies using 
phase 4 of the vascular sounds. Taken together with the 
widespread use of automated oscillometric device in labour wards 
in this country, particularly the Critikon 845/1846, there may be 
some cause for concern. Many automated devices display cuff 
pressure in 8-10 mm decrements to minimize the duration of the 
inflation—deflation sequence and local morbidity. Some recent 
models have the capability of displaying cuff pressure at 1-2 mm 
decrements during cuff deflation. Such devices permit con- 
temporaneous oscillometric and auscultatory observations, allow- 
ing the midwife the opportunity of regular automated observations 
and the ability to compare them with auscultatory observations 
without changing cuffs. With the large number of eclamptic 
episodes occurring in England and Wales, the prevalence and 
aetiology of which are yet to be explained, this would seem to be 
the minimum precaution that should be adopted to avoid being 
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“misled” by the automated oscillometric device to which many 
clinical staff have considerable loyalty. 
M. QUINN 
Ysbyty Singleton 
Swansea 
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Sir,—We note from Dr Quinn’s letter that he concurs with our 
general finding that measurements from automatic non-invasive 
arterial pressure recorders differ consistently from auscultatory 
Measurements, whether contemporaneous or not, made by 
midwives. The differences between his results and ours are small. 
We did not recruit specifically hypertensive patients, as we wished 
to study patients with a range of arterial pressures. The statistical 
methods which we used (Bland-Altman) are the most appropriate 
to identify factors which vary with the absolute arterial pressure. 
We detected no such variation. Unfortunately, Dr Quinn’s letter 
and references give us no opportunity to compare his methods or 
statistical analyses with ours. It is quite possible that differences 
between his values and ours are caused by dissimilar techniques. 


M. A. Hasan 
T, A. THOMAS 
C. Prys-ROBERTS 


Bristol Royal Infirmary 
Bristol 


THORACIC ELECTRICAL BIOIMPEDANCE OR 
THERMODILUTION FOR MEASUREMENT OF CARDIAC 
INDEX 


Sir,—Young and McQuillan compared cardiac index (CI) in 
critically ill patients with severe sepsis using thoracic electrical 
bioimpedance (TEB) and the so called “golden standard”, 
thermodilution (TD). [1] To compare these two methods to 
obtain CI is akin to comparing apples and peaches. We also have 
tested TEB against TD during IPPV [2], apnoea, large tidal 
volume, slow frequency, small tidal volume with high ventilatory 
frequencies [3], during PEEP-ventilation [4], in spontaneous 
breathing patients after operation [5] and in patients with sepsis 
[6]. At that time it was not usual to use the method of Bland and 
Altman [7] and we used correlation coefficients and regression 
analysis. In septic patients (n = 5), the correlation coefficient was 
r= 0.70; in patients with sepsis undergoing ventilation with a 
PEEP of 8 cm H,O, the correlation was worse: r = 0.57. 

There are important limitations to comparing TEB with the 
dilution methods such as Fick, dye or thermodilution, which have 
similar theoretical and practical problems. For example, the 
Stuart-Hamilton equation used for calculation of CI is correct 
only in continuous flow conditions [8], but flow is rarely 
continuous on the right side of the heart where TD measures 
impedance changes over a few seconds and calculates blood flow 
over 1 min. Possible faults in calculating CI may derive from: 
injectate volume, injectate temperature, injection time, tem- 
perature loss in the catheter wall or to the vessels during low-flow 
conditions, temperature changes during inspiration and expiration 
during artificial ventilation, particularly with large tidal volumes 
and increased body temperatures in septic patients, and recircu- 
lation [9]. TEB measures on the left side of the heart and values 
are averaged over 16 heart beats or over 1 min. During controlled 
ventilation there are sinusoidal variations in CI related to 
intrapulmonary pressure and venous return, which are more 
pronounced on the right side of the heart [10]. 

Young and McQuillan took expiration for TD measurements 
that use one point in this cyclical fluctuation. This improves 
reproducibility, but decreases absolute precision. For TEB, they 
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used averaged values over 1 min. With such a design, it is not 
possible to compare CI values with both methods. Most 
importantly, it is not possible to assess the accuracy of the TD 
method when CI is great, because there is no absolute method of 
measuring cardiac output. For reasons noted above, the accuracy 
of the TD method must decrease when CI is increased. We found 
also that in septic states the mean thoracic impedance was small 
because of intrapulmonary shunting and non-cardiogenic oedema. 
Z, in the denominator of the equation of Sramek for calculation of 
CI influences absolute values of CI less because the dz-signal, 
with its first derivative in the numerator, changes in the same 
direction in the different thoracic ftuid content states. 

We have used TEB for several years for monitoring septic 
patients, with the result that we no longer use pulmonary artery 
catheters. It is the trend of change with medical treatment that is 
important and the TEB follows such changes accurately. 

Cardiac index is only one of the haemodynamic variables 
obtainable. It is also possible to assess indices of contractility 
which are increased before there is clinical evidence of sepsis. 
Furthermore, it is possible to calculate peripherial resistance and, 
with the latest software, oxygen delivery and consumption. 


G. CASTOR 

J. SIMON 
Caritas Hospital 
Dillingen, Germany 
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Sir,—Drs Castor and Simon correctly outline the technical 
problems involved in the measurement of cardiac index using 
thermodilution, but miss the point of our paper. 

We compared transthoracic impedance and thermodilution 
methods to measure cardiac index. We make no claims that 
thermodilution is a “gold standard” and, in fact, the statistical 
method of Bland and Altman that we used is specifically designed 
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for the comparison of two methods of measurement when neither 
is the “gold standard”. We make no claims as to which method 
provides the most accurate estimate of “‘true” cardiac index. 

There is little doubt from our paper that the two methods are 
not interchangeable. If clinicians prefer to use the transthoracic 
impedance estimate of cardiac output to guide treatment, they 
should be aware that treatment procedures based on thermo- 
dilution estimates of cardiac index cannot be used, and the 
procedures based on transthoracic impedance estimates of cardiac 
index will have to be derived. 

When considering the relative inaccuracies of thermodilution 
and transthoracic impedance estimates of cardiac index, it should 
be remembered that, for all the potential inaccuracies of 
thermodilution, the central theory is sound. In the case of 
transthoracic bioimpedance, the impedance signal changes in a 
direction opposite to that predicted by the theory on which the 
monitor is based. 

The theory on which the transthoracic impedance method is 
based does not stand up to critical examination. 


J. D. YOUNG 

P. McQUILLAN 
Nuffield Department of Anaesthetics 
Oxford 


LONG-TERM BACKACHE AFTER EXTRADURAL OR 
GENERAL ANAESTHESIA FOR MANUAL REMOVAL OF 
PLACENTA 


Sir,—Drs Vickers and May have identified backache as a common 
problem following childbirth and examined if it is an important 
sequela of extradural analgesia performed in labour by using a 
patient questionnaire [1]. They failed to consider other factors 
which might have a significant association with backache in 
postpartum patients. The other factors which were identified by 
MacArthur and colleagues (nulliparity, Asian race and younger 
maternal age) [2] should have been included in the questionnaire. 
Heavy physical work, another factor which has been found to have 
strong correlation with persistent backache after childbirth, 
should also be included [3]. All these factors should then be 
included in a multivariate analysis to give a more accurate 
assessment of the contribution of extradural block in obstetric 
practice to long term backache. 

N. SAH 

Broadgreen Hospital 
Lrverpool 


1. Vickers RJ, May AE. Long-term backache after extradural or 
general anaesthesia for manual removal of placenta: pre- 
liminary report. British Journal of Anaesthesia 1993; 70: 
214-215. 

2. MacArthur C, Knox EG, Lewis M, Crawford JS. Epidural 
anaesthesia and longterm backache after childbirth. British 
Medical Journal 1990; 301: 9-12. 

3. Osstgaard HC, Andersson GB. Postpartum low-back pain. 
Spine 1992; 17: 53-55. 


Sir,—We thank Dr Sah for responding to our recent article. We 
were fully aware of the limitations of the study and the many other 
factors that contribute to backache. However, the number of 
patients we studied was small, but produced such a wide difference 
in the incidence of backache between the general anaesthesia and 
extradural groups that we felt that the preliminary study was 
worthwhile publishing. Clearly, the Journal’s expert assessors 
agreed also that a preliminary communication was sensible. 


A. E. May 


Leicester Royal Infirmary 
Leicester 


POST-SPINAL HEADACHES IN PARTURIENT WOMEN 


Sir,— With reference to the recent article on spinal anaesthesia for 
Caesarean section [1], we wish to communicate the result of our 
audit into the occurrence of post dural puncture headache (PDPH) 
after spinal anaesthesia with the 25-gauge Whitacre needle. 
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Before 1992, this unit used the 26-gauge Quincke needle, and 
the average incidence of PDPH was 14% (range 8-17 %). For the 
past 12 months, sole use of the 25-gauge Whitacre spinal needle 
was implemented. Spinal anaesthesia was administered to a total 
of 210 women, 73 % (154) of whom underwent Caesarean section, 
with either a single injection technique or a combined spinal- 
through-extradural technique; the remaining 27% (56) of spinal 
anaesthetics were single injection techniques for procedures such 
as manual removal of placenta, forceps delivery or cervical 
cerclage. 

All patients were assessed 24h after insertion of the spinal 
anaesthesia for mobility, headache on ambulation, ability to void 
urine and resolution of the sensory and motor block. All patients 
were advised to contact the anaesthetist if they developed a 
headache after their discharge from hospital. 

We were pleasantly surprised to have no documented headaches 
in the 210 spinal anaesthetics performed. This result supports the 
findings of the Bristol study with regard to the absence of PDPH 
associated with the use of the 25-gauge Whitacre needle in 
parturient women. 

An advantage of the 25-gauge needle compared with the finer 
gauge needles is the greater rapidity with which cerebrospinal 
fluid appears in the hub of the needle, therefore reducing the 
potential hazard of unrecognized, and therefore repeated dural 
puncture. It would also appear that the “pencil point” of the 
Whitacre needle, which is claimed to separate rather than cut the 
fibres of the dura, is an advantage compared with the construction 
of the Quincke needle, whatever the gauge. 

It now seems, therefore, that the use of the 25-gauge Whitacre 
needle makes spinal anaesthesia an acceptable technique as regards 
the low incidence of PDPH in parturient women, although 
continued audit of its use is necessary over a long period of time, 
with larger numbers of patients, to confirm this. 


Northwick Park Hospital 
Harrow 


1. Shutt LE, Valentine SJ, Wee MYK, Page RJ, Rosser AA, 
Thomas TA. Spinal anaesthesia for Caesarean section: 
comparison of 22-gauge and 25-gauge Whitacre needles with 
26-gauge Quincke needle. British Journal of Anaesthesia 
1992; 69: 589—594. 

2. Snyder GE, Person DL, Flor CE, Wilden RT. Headache in 
obstetrical patients: comparison of Whitacre needle versus 
Quincke needle. Anesthesiology 1989; 71: A860. 


KINKED INNER TUBE OF COAXIAL BREATHING SYSTEM 


Sir,—Further to recent correspondence on inner tube discon- 
nections and leaks in Mapleson D coaxial breathing systems [1] I 
wish to report on a further problem encountered with this type of 
system. 

A new system was attached to the anaesthetic machine, On 
routine testing it was clear that the fresh gas flow was obstructed. 
Close inspection showed the reason. The kink is seen clearly in 
figure 1, which was produced using transillumination of the distal 
end of the circuit. 
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This occurrence again demonstrates the importance of checking 
anaesthetic equipment before use. 
F. P. F. MARSHALL 
Royal Devon and Exeter Hospital 
Exeter 


1. Robinson DL. Frequency of damaged coaxial breathing 
systems. British Fournal of Anaesthesia 1993; 70: 384. 
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TRANSFUSION FOR WAR WOUNDED 


Sir,—Eshaya-Chauvin and I published the transfusion require- 
ments of war wounded in your journal [1]. In this article, we 
stated that victims of antipersonnel mine require 103.2 units of 
blood per 100 patients; this is more than for patients injured by 
other conventional weapons. Since the preparation of this article, 
Korver and I have found that pattern 1 mine injuries (usually 
requiring surgical amputation) have even greater requirements 
[2]. 
The ICRC database for war wounded now contains information 
on 12895 patients, 2706 of whom were mine injured. Of the mine 
injured, those who required surgical amputation of a lower limb 
required 304.6 units per 100 patients. Your readers who are 
interested in planning a transfusion service for war injured should 
recognize the implications of buried antipersonnel mines for the 
volume of blood required. 
R. M. COUPLAND 
International Committee of the Red Cross 
Geneva 


1. Eshaya-Chauvin B, Coupland RM. Transfusion require- 
ments for the management of war injured: the experience of 
the International Committee of the Red Cross. British Journal 
of Anaesthesta 1992; 68: 221-223. 

2. Coupland RM, Korver A. Injuries from antipersonnel] mines: 
the experience of the International Committee of the Red 
Cross. British Medical Journal 1991; 303: 1509-1512. 


THE REINFORCED LARYNGEAL MASK AIRWAY IN 
PAEDIATRIC RADIOTHERAPY 


Sir,—-We were interested in the article by Williams and Bailey [1], 
comparing the use of the reinforced laryngeal mask airway 
(RLMA) with tracheal intubation in anaesthesia for adenoton- 
sillectomy in adults and children, and the editorial by Wilson, on 
the laryngeal mask airway in paediatric practice [2]. We have had 
recent experience using the RLMA size 2 in children younger 
than 3 yr undergoing anaesthesia for radiotherapy. Difficulties 
encountered with insertion because of their extreme flexibility 
made them unpopular in this department, amongst a group of 
anaesthetists skilled in the insertion of the laryngeal mask airway 
(LMA) in children. 

The development of the LMA has transformed anaesthesia for 
paediatric radiotherapy when young children require repeated 
daily anaesthetics in an isolated environment. The LMA, sizes 1 
and 2, have been used in more than 2500 anaesthetics given to 145 
children over the past 4 years in our radiotherapy department and 
there have been minimal complications associated with their use 
[3}. 

Problems arise when treatments require the child’s head to be 
placed within a rigid shell, sometimes in the prone position. 
Flexion of the neck occurs and kinking of the LMA size 2 at the 
level of the oropharynx is frequently observed on x-ray. In a 
retrospective survey of x-rays taken during the planning of 
treatment in shells, of 15 sets of films retrieved, 11 showed 
significantly kinked LMA (mean occlusion of lumen in lateral 
view was 60%, range 25-85%). In none of these patients was 
there any clinical evidence of airway obstruction, but clearly the 
potential for complete occlusion of the airway existed. Similar 
kinking has been observed in the LMA during CT scans of 
children [4]. To overcome this problem, we were keen to use the 


Because of the extreme flexibility of the RLMA, the manufac- 
turer’s recommended technique of insertion involves the use of 
the anaesthetist’s index finger, wedged between the cuff and the 
tube, to guide the RLMA into the oropharynx, with final 
placement using a push on the tube from outside the mouth. We 
encountered problems with this technique. First, the child’s 
mouth often was too small to admit the anaesthetist’s finger far 
enough. Second, even the smallest amount of saliva or lubricating 
gel rendered the RLMA too slippery against the tip of the finger 
(there were 13 insertions using this technique: two were easy, 11 
were difficult and two attempts failed completely). 

To try and overcome these problems, the use of an introducer 
to stiffen the RLMA was discussed with Colgate Medical. We 
used a modified gum elastic bougie cut in length so that distally it 
did not protrude beyond the vents in the mask, and proximally it 
was hooked over the connector of the RLMA. This created a 
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stiffness in the tube of the RLMA similar to that in the LMA. The 
game insertion technique as for the LMA was then applied. This 
made insertion much easier, although there were still problems 
because of rotation of the RL.MA around the introducer (of 14 
insertions, 11 were easy and three awkward). Two x-rays taken 
during treatment of children lying prone in head shells showed the 
RLMaA size 2 in the correct position and not kinked. In another 
child, there was an episode of airway obstruction with an RLMA 
when the child was turned prone (no x-ray was taken during this 
case). 

Williams and Bailey did not specify their technique of insertion 
of the RLMA, so we assume that they followed the manufacturer’s 
guidelines. Our attention was drawn to the two failed placements 
of the RLMA in their study, both in children, one of whom was 
the youngest in the study (3 yr; 15 kg). Insertion was hindered by 
large tonsils and the flexibility of the RLMA. The seven children 
in whom the RLMA was used in our hospital were all younger 
than 3 yr (mean 1 yr 8 months; range 8 months to 2 yr 10 months). 

We recommend that a specific introducer be developed to 
facilitate insertion of the RI.MA in small children. This 
equipment clearly has great potential for use in paediatric 
radiotherapy and CT scanning, as well as for ENT and dental 
anaesthesia. 

S. L. MOYLAN 

M. A. LUCE 
St Bartholomew’s Hospital 
London 


1. Williams PJ, Bailey PM. Comparison of the reinforced 
laryngeal mask airway and tracheal intubation for adenoton- 
sillectomy. British Journal of Anaesthesia 1993; 70: 30-33. 

2. Wilson IG. The laryngeal mask airway in paediatric practice. 
British Journal of Anaesthesia 1993; 70: 124-125. 

3. Grebenick CR, Ferguson C, White A. The laryngeal mask 
airway in pediatric radiotherapy. Anesthesiology 1990; 72: 
474-477. 

4. Goldberg PL, Evans PF. Kinking of the laryngeal mask 
airway in two children. Anaesthesia 1990; 45: 487—488. 


Sir,—Thank you for the opportunity to reply to the letter of Drs 
Moylan and Luce. We did use the insertion technique as described 
in the manufacturer’s instruction manual [1]. 

To minimize problems with holding the reinforced laryngeal 
mask airway (RLMA), we premedicate with an antisialogogue and 
ensure that lubricating gel is not placed on the area to be held. 

To aid correct placement of the RMLA, we position the patient 
with the cervical spine flexed and the atlanto—occipital joint 
extended. The RLMaA is held between the thumb and index finger 
at the join between tube and mask; it is then put into the mouth 
and pressed up against the hard palate. 

In small children, we find that the RLMA can be advanced into 
the oropharynx and correctly positioned using the index finger 
alone. The position of the RLMA can be checked and corrected 
by manual palpation with the index finger. We have no experience 
with the RLMA in children younger than 3 yr. 

Our two failures to insert the RLMA occurred at the beginning 
of the study period. With experience, the RLMA is almost as easy 
to insert as the standard LMA. The use of an introducer to stiffen 
the tube of the RLMA does not help, as it will not prevent lateral 
rotation of the mask on the tube. 

P. J. WILLIAMS 
Lewisham Hospital 
London 
P. M. BALEY 
The Royal National Throat, Nose and Ear Hospital 
London 


1. Brain AIJ. The Intavent Laryngeal Mask : Instruction Manual, 
2nd Edn, 1991. 


USE OF THE LARYNGEAL MASK AIRWAY IN CHILDREN 
WITH LARYNGOTRACHEAL PATHOLOGY 
Sir,—We read with interest Wilson’s excellent editorial on the 
laryngeal mask airway (LMA) in paediatric practice [1]. We 
question, however, his comments about the usefulness of the 
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LMA in patients with laryngeal pathology and, in particular, 
laryngomalacia. 

Whilst the LMA may not be the preferred form of airway 
management for diagnostic laryngoscopy, it may still prove useful 
in both the management and diagnosis of laryngeal pathology. 
This was recently illustrated by Smith, Whittet and Heyworth, 
who reported a 5-month-old infant undergoing diagnostic laryngo- 
bronchoscopy for intermittent stridor [2]. During gaseous in- 
duction, stridor worsened considerably and the oxygen saturation 
decreased. A steady state of light anaesthesia was reached, but 
with an oxygen saturation of 75-80 %. A size 2 LMA was inserted 
easily and a clear airway obtained. A fibreoptic scope was 
subsequently passed down the LMA and the classical features of 
laryngomalacia demonstrated. On the basis of this, it was felt that 
the LMA may be of specific value in laryngomalacia. The 
successful use of the LMA in tracheal stenosis has also been 
reported in a child in whom it provided an adequate airway 
without traumatizing the trachea or increasing airway resistance 
[3]. 

Children with laryngotracheal pathology require meticulous 
airway management which is best performed by experienced 
paediatric anaesthetists. Although it is possible that the LMA 
might worsen some forms of laryngeal pathology, we feel that the 
LMA may prove useful in some patients, particularly those in 
whom other forms of airway management have failed. As with 
many other areas of LMA usage in paediatric practice, further 
studies are required to help define its role. Meanwhile, we would 
recommend that the LMA is available when anaesthetizing 
children with laryngotracheal pathology. 


J. BRIMACOMBE 

A. BERRY 
Royal Perth Hospital 
Perth, Austrakia 


1. Wilson IG. The laryngeal mask airway in paediatric practice. 
British Journal of Anaesthesia 1993; 70: 124-125. 

2. Smith TGC, Whittet H, Heyworth T. Laryngomalacia—a 
specific indication for the laryngeal mask? Anaesthesia 1992; 
47: 910. 
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3. Asai T, Fujise K, Uchida M. Use of the laryngeal mask in a 
child with tracheal stenosis. Anesthesiology 1992; 75 : 903-904. 


Sir,—My caution was directed mainly at the use of the LMA for 
diagnosis, rather than management of patients with laryngeal 
pathology. A correctly sited LMA does not permit inspection of 
the epiglottis with a fibrescope. 

The management of the patient described by Smith, Whittet 
and Heyworth [1] was obviously helped by use of the LMA. This 
may or may not have been a result of a specific effect of the LMA 
on lax supraglottic structures. One should not conclude that the 
LMA is especially helpful in the management of patients with 
laryngomalacia on the basis of one case report. 

I reiterate my comments about insertion technique. Insertion of 
an LMA with air in the cuff, or carelessly performed, may readily 
downfold an abnormal epiglottis. This hypothesis is reinforced by 
a recent paper from Brimacombe and Berry [2] in which they 
compared insertion techniques in adults. Briefly, they found the 
epiglottis to be visible fibreoptically more often when the cuff was 
partially or fully inflated on insertion than when the recommended 
technique was used. I urge trainees to read their paper and to learn 
the technique described in detail in the manufacturer’s instruction 
manual, 

I agree that the LMA should be available during the 
management of children with difficult airways. 


I. G. WELSON 
St James's Umversity Hospital 
Leeds 


1. Smith TGC, Whittet H, Heyworth T, Laryngomalacia—a 
specific indication for the laryngeal mask? Anaesthesia 1992; 
47: 910. 

2. Brimacombe J, Berry A. Insertion of the laryngeal mask 
airway. A prospective study of four techniques. Anaesthesia 
and Intensive Care 1993; 21: 89—92. 
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Outcome After Anaesthesia and Surgery. Edited by J. M. Des- 
monts. Published by Baillière Tindall, London. Pp. 695; 
indexed; illustrated. Price £27.50 (£15 if purchased by 
subscription to series). 


This monograph forms Volume 6/Number 3 of Barllitres Clinical 
Anaesthesiology Series, comprising four issues a year. The past 10 
years has seen tremendous interest in identifying and assessing 
morbidity and mortality after anaesthesia or, as some persist in 
terming them, adverse outcomes or megative outcomes. The 
problems of interpreting such data are immense and full of 
pitfalls. Professor Desmonts from Paris has not only gathered 
together a superb group of contributors, but has started off the 
monograph with an interesting personal overview of the epidemi- 
ological aspects involved. His gives a succinct analysis of the 
difficulties presented and quotes published studies from several 
countries. 

Dr Keenan from Richmond, Virginia addresses the outcome 
and prevention of anaesthetic mishaps—how I wish the phrase 
anaesthetic accidents was still used | This is a concise chapter, given 
the vast amount of material now available, and he presents the 
results of the ASA Closed Claim Studies, data from California 
malpractice suits, studies of critical incidents and data on cardiac 
arrest and death. He concludes that a real improvement has 
occurred in the past 10 years. 

Patients with coronary artery disease who require some type of 
surgery, but unrelated to the heart, form a sizeable proportion of 
most anaesthetists’ routine work. Perioperative cardiac morbidity, 
manifested in several ways, is the leading cause of death in this 
group of patients. Dr Sebastien Reiz is one of the authors of this 
section and renowned for his views on the adverse effects of 
isoflurane through coronary blood flow “steal”. The controversy 
is now put into perspective by the conclusion that isoflurane 
usually produces significant coronary artery vasodilatation in man 
only when the inhaled dose exceeds 1-1.5 % and there is little risk 
of vasodilatation unless isoflurane is used as the sole anaesthetic. 
A complementary chapter discusses the outcome after anaesthesia 
for cardiac surgery in adults. In these patients, most determinants 
of mortality and morbidity are related to the surgery itself, with 
the role of anaesthesia being modest. However, a major initiative 
is necessary if the incidence of neurological complications 
following these operations is to be reduced. 

Anaesthetists and surgeons are often reminded to weigh up the 
relative risks and benefits before subjecting a patient to trans- 
fusion, but they often have few data to go on. Dr McClelland, 
Director of Transfusion Medicine in Edinburgh, covers one 
aspect of the subject--the range of complications of transfusing 
blood components. He provides data and advice for sound and 
defensible decisions to be made. 

The review by Drs Deborah Browne and Maldwyn Morgan 
from London, who write on outcome after anaesthesia for labour 
and operative delivery, is impressive: sound advice is given on the 
problems implicated and is essential reading for anyone who is 
involved, or likely to be involved, in obstetric anaesthesia. The 
two reviews of outcome after outpatient anaesthesia and outcome 
in geriatric patients, which follow, are again excellent. Both these 
subjects are growth areas in medicine and already there are 
indications that, if careful assessment and meticulous delivery of 
anaesthesia care are ignored, successful outcomes are jeopardized. 

The neurological sequelae of open heart operations have been 
mentioned. Those after regional anaesthesia are separately 
reviewed; injuries are more likely to be related to improper 
positioning, or the surgical procedure itself, rather than to the 
anaesthetic. Nevertheless, serious problems continue to occur, 
such as nerve injury, infection, haematoma, etc. A separate 
chapter is devoted to the psychological and neurological distur- 
bances related to anaesthesia. Here, the patient’s fears and 
anxieties are discussed, then the use of drugs in premedication. 
‘The problem of awareness during general anaesthesia is con- 
sidered, together with postoperative phenomena such as emerg- 
ence delirium after ketamine, amorous behaviour after propofol, 
and postaneesthetic delirium. The authors conclude with an 
evaluation of short-term psychomotor or cognitive impairment in 


which the effects of drugs and antagonists (such as flumazenil) are 
discussed. 

The book concludes with a splendid chapter from John 
Eichhorn on the influence of practice standards on anaesthesia 
outcome. As he says, “‘standards themselves accomplish nothing. 
Standards that help provoke, shape and direct thinking and 
behaviour may accomplish something”. He considers safety 
monitoring, practice standards, the Harvard Standards, the 
American Society of Anesthesiologists’ monitoring standards, and 
monitoring standards around the world. He contemplates im- 
provement in the outcome of anaesthesia and the problems 
associated with interpretation. However, one cannot get away 
from the fact that in the United States malpractice premiums 
specifically for anesthesiologists have been reduced and the 
perception of the specialty being of very high risk has been 
reduced over the last few years. This is indirect, but powerful, 
evidence of a significant decrease in serious anaesthetic accidents. 
Eichhorn sensibly counsels that it is over simplistic to believe that 
monitoring standards themselves reduce anaesthesia accidents. ` 
The standards are the tangible outward reflection of changes in 
attitudes and practices partly brought about by improvements in 
the quality of doctors entering anaesthesia, training programmes, 
continuing education, research, anaesthetic equipment and risk 
management initiatives. 

‘These are the heady days of audit and risk management. Much 
of the former will wither on the vine, but the material in this 
volume will endure. The whole book is extremely well written, it 
is understandable and a joy to read. It contains essential important 
information which should be in the hands of every practising 
anaesthetist. 

A. P. Adams 


Congrès National d Anesthésie et de Réanimation: Conférences 
@ Actualisation 1992. By the Société Française. d’Anesthésie 
et de Réanimation. Published by Masson, Paris. Pp. 812; 
indexed; illustrated. Price FFr. 450. 


This book has its origin in the 34th Congress of the French 
Society of Anesthesiologists. It is the French equivalent of the 
ASA refresher courses. 

There are rwo main parts to the book each consisting of 26 
chapters. The first part deals with a wide range of topics in 
anaesthesia. Many of the chapters have a familiar ring: most of 
them are reviews of recent advances in anaesthesia. The second 
part is a collection of miscellaneous topics devoted to intensive 
care. 

There is considerable variation in quality between the chapters. 
Many are excellent, with detailed, comprehensive information. 
There is an abundance of useful, recent references, marred only 
by spelling mistakes. 

The publication of this book is intended to make a permanent 
record of material presented verbally. This book should be read 


_ by all French-speaking anaesthetists (experienced and in training), 


either to keep up with the recent advances in their specialty or as 
part of their continuing anaesthetic education. 
B. Appadu 


Post Operative Critical Care of the Massachusetts General Hospital, 
2nd Edn. Edited by W. J. Hoffman and J.D. Wasnick. 
Published by Little, Brown & Co., Washington. Pp. 506; 
indexed; illustrated. Price £22.95. 


Most consultants discourage the “cook book” approach to 
medicine, but one of the commonest requests of doctors new to 
Intensive Care is for some type of practical manual. In reality, 
most experienced doctors also welcome guidance on areas and 
techniques outside their usual areas of expertise. 

As the title suggests, this book is the “cook book” of the 
Surgical Intensive Care Unit at the Massachusetts General 
Hospital and reflects the type of work carried out in this unit. Each 
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of 30 chapters deals briefly with the theory of techniques and 
clinical conditions and then proceeds to give detailed guidance on 
management. There is little to fault in this guidance and most is 
appropriate and applicable to practice in U.K. hospitals. There is, 
however, some imbalance in choice of topics—for example, there 
is a chapter on neurosurgical patients that includes less than half 
a page on head injury, and a full chapter on management of liver 
transplant patients, whilst chest drainage has four pages in the 
Appendix. This imbalance limits the usefulness of the book in the 
general ICU. 

There are relatively few illustrations and the typeface is small, 
which makes leisurely reading difficult and photoreduction of no 
doubt useful algorithms such as that on Intermittent Mandatory 
Ventilation (p.55) renders them virtually illegible. Subject 
headings at the start of each chapter are particularly useful and the 
book is comprehensively indexed to help access to information. 

Despite these criticisms, I would recommend this book, as it 
fills a gap in the market. Unfortunately for the editors and 
publishers, a new British text at a similar price fills the gap rather 
more effectively for general ICU practice and would have to make 
this volume a good second choice. 

G. S. Routh 


Critical Care of the Burned Patient. Edited by L. T. A. Tylah. 
Published by Cambridge University Press, Cambridge. 
Pp. 206; indexed; illustrated. Price £35.00. 


Most hospitals in the U.K. receive only a small number of severely 
burned patients requiring intensive care, as most victims are 
rapidly transferred to a Burns Unit where essential expertise and 
facilities are available. This is obviously appropriate for this 
difficult group of patients who present problems rather different 
from those of most Intensive Care Patients. 

This book gives extensive details of the management of patients 
in the Burns Unit and the short chapter on Transportation, with 
its list of essential equipment and drugs, will be the most useful 
for general readers. Other chapters include assessment, resusci- 
tation, monitoring and care of burns patients, in addition to details 
of nutritional requirements and surgical management. The 
chapter on Inhalation Injury is comprehensive and well written 
and is essential reading. The penultimate chapter on prognosis 
reminds the reader that skilled management of burns patients has 
resulted in improved survival rates, but morbidity remains high. 
A chapter on prevention of burns by improving education and 
reducing risk factors would be a valuable addition, as it is hoped 
that such activities will decrease the incidence of this type of 
injury in future years. 

This book would be valuable in all Burns Units and is 
recommended reading for examination candidates. It is probably 
too detailed to be in most departmental libraries unless there is a 
particular interest in the subject. 

G. S. Routh 


Acute Pain: Mechanisms and Management. Edited by R. S. 
Sinatre, B. Ginsbury and L. M. Preble. Published by Mosby 
Year Book Europe Ltd, Aylesford, Kent. Pp. 636; indexed; 
illustrated. Price £65.50. 


This is a large, multi-author American textbook reviewing the 
complex and important area of acute pain mechanisms and 
management. 

The early chapters review the historical aspects of pain 
management and explore the reasons why acute pain has been 
treated and managed poorly in hospitals for years. The next few 
chapters are dedicated to describing the anatomy, pathophysiology 
and neurochemistry of acute pain. Throughout all these chapters 
are very useful summaries of relevant facts, in the form of boxes 
that help the reader to identify and retain key facts. There are 
many helpful tables and diagrams that illustrate the text. A 
consistent feature throughout this book is that each chapter is 
referenced comprehensively. I found the chapters on pain 
assessment and measurement useful, with clear explanations. 

Patient controlled analgesia (PCA) is covered widely; the 
history of the development of PCA devices and the concept of 
PCA are reviewed thoroughly in chapter 19. PCA as an 
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investigative tool and PCA and post-surgical outcome are very 
relevant, as is the chapter on the influence of PCA on morbidity 
and duration of hospital stay. Of particular interest to anaesthetists 
who may be contemplating buying PCA devices is a review of 
their desirable features, and a table of the various characteristics 
of selected pumps is presented. Several commercially available 
PCA devices are described, with descriptions of the mechanisms 
of operation and associated photographs of the particular pump. 

The next section provides an overview of spinal opioid 
analgesia, presenting the reader with a review of the postoperative 
use of spinal and other opioids. The next few chapters consider 
the use of extradural analgesia, including discussion of some 
controversial areas including the use of extradural analgesia in 
patients who have received or will receive anticoagulation. The 
use of interpleural analgesia is described in some detail, as are 
peripheral nerve blocks, with detailed descriptions of methods of 
performing some of the commoner nerve blocks. Interestingly, 
newer methods of providing acute pain management are covered 
in the chapters devoted to transdermal delivery of fentanyl and of 
other opioids. 

Alterations in pharmacokinetics and physiological disturbances 
with failure of one or more major organ systems are described. A ~ 
discussion of exactly how these alterations impinge upon the 
provision of acute pain relief in the postoperative period is 
relevant to many clinical situations. 

Paediatric analgesia is discussed separately, with an overview of 
paediatric analgesia followed by a chapter on parenteral and 
analgesic therapy and PCA in the paediatric population. 

The fmal chapters of this book are devoted to some of the 
organizational issues surrounding acute pain management, in- 
cluding chapters on the role of the anaesthetist and the 
management of acute pain services in a large university-based 
hospital or in a more community-based setting. Of particular 
relevance to hospitals in the U.K. where development and 
expansion of acute pain services are being planned, are the 
chapters on nursing education and PCA. Finally, and rather 
topically for practitioners in the U.K., management issues are 
discussed, including a chapter on Hospital administration and the 
acute pain service and also a chapter on acute pain management 
and payment. 

In conclusion, this is a large and comprehensive textbook which 
systematically covers virtually all areas relating to acute pain 
management. I found this book to be generally well written, and 
certainly well referenced, allowing the reader to follow up any 
special areas of interest. I would certainly recommend it to 
anaesthetists and other interested professionals concerned with 
the provision of acute pain services. 

J. A. Langton 


Psychology, Psychiatry and Chronic Pain. Edited by S. P. Tyrer. 
Published (1992) by Butterworth Heinemann Ltd, Oxford. 
Pp. 207; indexed; illustrated. Price £35. 


Most patients who are referred to pain management clinics have 
pain with a significant affective component. In many, the major 
component of the pain may result from the way in which the 
patient perceives or reacts to the original problem. The greater 
efficacy of the multidisciplinary approach to these problems of 
persistent pain and distress is only gradually being recognized and 
the disciplines of psychology and psychiatry are still poorly 
represented in the treatment areas of acute medicine and chronic 
pain. Communication between specialists can be unnecessarily | 
difficult because of different jargons, especially in formal referrals 
and reports. This book should increase comprehension of the 
psychological components of patients’ pain, their interaction with 
the structural and functional components and the ways in which 
psychologists, psychiatrists and others can help in the assessment 
and management of patients. 

The foreword, by Professor Wall, is so distinctive that, from the 
written page, one can hear the slow, measured delivery of a pithy, 
provocative and masterly summary. Subsequently, the book is 
divided into two parts: the first descriptive and mainly theoretical, 
the second related to assessment and management. The first part 
is concerned with the theory of pain perception, the prevalence 
and classification of psychological problems in chronic pain 
syndromes and the relevance of gain and compensation, The 
second is the “how to do it” part. It describes the assessment of 
the problem, including a useful critique of the methods and tools 
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of assessment. It contains chapters on behavioural techniques, 
cognitive therapies, the importance of information and the uses of 
relaxation and hypnosis. It also includes a summary of the use of 
psychotropic drugs and stimulation analgesia, the use of physio- 
therapy and an excellent brief description of a multdisciplinary 
pain clinic and the facilities it can provide. 

The book is intended for a wide audience including nurses, 
psychologists, therapists and clinicians who are involved in pain 
management, even for the non-medical chronic pain sufferer. The 
chapters on anatomy, physiology and the use of psychotropic 
drugs may seem superficial to readers of this journal, but probably 
provide valuable background to those less expert. Some of the 
statements in these sections are contentious and references are 
few. The section on relaxation is over-long and too detailed. The 
long, monotonous script suggested to induce relaxation and sleep 
achieves its aim and would be better placed in an appendix at the 
end of the book. 

The preface states that the book is “‘intended to be free of 
jargon”. This is an unrealistic aim and fortunately so. The 
explanations of jargon are nearly always in simple terms when it 
is first used and can only lead to greater understanding and 
communication. However, in some sections, polysyllabism 
abounds and I remain unconvinced that the ideas conveyed by 
“reconceptualisation” and “phenomenology”? could not have 
been expressed in simpler terms. 

This is an easily readable book and best read at a few sittings 
because it forms an integrated review. It also has valuable 
reference material such as the addresses of training centres of 
hypnosis and acupuncture and those of agencies which can help 
the chronically pained or disabled patient. As in any multi-author 
book, there is some repetition and inconsistency, and more radical 
editing would have produced a more concise and no less readable 
book. In some of the practical sections, the ideas and practice 
reflect those of the Newcastle Pain Clinic, which impart the sense 
of successful experience rather than that of a theoretical review. 

I found it an informative and enlightening book. Most students, 
doctors in training and established pain clinicians will find it 
valuable and there can be few experts in muludisciplinary pain 
management clinics who will not be able to learn something from 
it. I recommend it not only to every pain management unit, but 
also to others who routinely manage patients with recurrent or 
persistent pain, whether or not that pain can be relieved by 
pharmaceutical or physical methods. 

J.I. Alexander 


Principles and Practice of Pain Management. Edited by C. A. 
Warfield. Published by McGraw-Hill Inc. Pp. 552; indexed; 
illustrated. Price £56.00. 


This is a textbook of pain management aired at the practising 
pain specialist. It is a comprehensive book covering many key 
aspects of pain. The book is extremely well referenced throughout. 
It is muiti-authored and while most of the chapters are excellent, 
some do not present the depth and quality of review that one 
would expect in a book aimed at the experienced specialist. There 
is some repetition of topics, but in general the editor has 
successfully avoided this pitfall. Most of the authors are North 
American. This, in itself, is not a major criticism; however, the 
continued use of American proprietary drug names by some 
authors appears parochial. 

The first chapter on historical perspective—although fascina- 
ting—is not easy reading and this, unfortunately, distracts from 
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the content. Thereafter the book is divided into four sections. Part 
I, entitled “Understanding Pain”, comprises four chapters 
dealing with pathophysiology, pain measurement, psychological 
aspects and diagnostic measures. The chapter on pathophysiology 
is a basic review of pain mechanisms. However, knowledge in this 
area has increased at such a rapid rate, that it is inevitable that new 
concepts, now well described in journals, are not mentioned. The 
chapters on pain measurement and psychological aspects are 
extremely useful reviews of these important topics. The chapter 
on diagnostic measures concentrates on physical tests—the 
validity of some of which is now being questioned—and fails to 
mention the use of practical psychological assessment in the clinic 
setting. 

Part IT categorizes pain according to anatomical location. The 
chapter on headache is an outstanding review of common 
actiological causes and prophylactic and symptomatic treatment. 
Other excellent chapters are those on the topics of neck pain, foot 
pain and pain in the extremities. The chapter on pelvic pain is 
written very much from a gynaecological viewpoint. Scant 
attention is paid to chronic pelvic pain without obvious patho- 
logy—a condition commonly seen by the pain specialist. Unfortu- 
nately, recent important findings on this difficult problem by 
clinicians both in North America and Europe are not mentioned. 
The subsequent chapter on perineal pain is more comprehensive 
and useful to the practising clinician, Anatomical drawings and 
the use of tables would have made the chapter on low back pain 
easier to read. I was surprised that there was no discussion 
regarding the possible role of facet joints in this condition. 

Part III deals with common painful syndromes. An outstanding 
chapter in this section is that on paediatric pain management. It is 
only recently that this topic has received the attention that it 
deserves and one of the authors of this chapter has been a major 
contributor to the field. It is an excellent chapter, full of practical 
advice for those dealing with children in pain on both a regular or 
occasional] basis. The difficult pain problems of sympathetic 
dystrophies, herpes zoster and central pain syndromes are 
extensively covered in this. section. The chapter on medical 
management of cancer pain fails to mention the “analgesic 
staircase ”—-the cornerstone of analgesic prescription. One ques- 
tions the wisdom of even including discussion of drugs which are 
not suitable for cancer pain management. The use of U.S. drug 
trade names in this chapter is particularly irksome. 

Part IV—Pain Therapy, is a successful section, the chapters on 
intraspinal opioid analgesia and extradural steroids both being 
especially informative and clearly written. TENS placement 
charts included in the chapter on stimulation induced analgesia 
will be of immense practical use. The chapter by Aronoff on 
multdisciplinary pain centreg is extremely interesting and 
discusses establishment of such facilities, accreditation and 
standard setting. The chapter on assessment.of the pain-disabled 
patient raises many valid points as, increasingly, chronic pain is 
being recognized as a disability in its own right. Medico—legal 
considerations are becoming more important in pain management 
and a chapter on this subject contains much practical and useful 
advice. The glossary of terms is a useful adjunct to the text. 
However, I would comment that the definition of allodynia is not 
that suggested by the International Association for the Study of 
Pain. The text is not intended as an atlas of regional anaesthesia 
and although a few of the commonly used blocks are described in 
a separate section at the end of the book, it should not be 
purchased for that reason. 

This book will be a valuable and comprehensive source of 
information for the practising pain specialist. It deserves a space 
in the pain clinic library. 

B. F. Collett 


“I would have everte man write what he knowes and no more.” —MONTAIGNE 
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EDITORIAL 


POSTDURAL PUNCTURE HEADACHE AND EXTRADURAL BLOOD PATCH 


The association of postural headache with puncture 
of the dura mater was known to the early pioneers of 
spinal anaesthesia. In 1898, August Bier, the 
“father” of surgical spinal anaesthesia suffered a 
severe postural headache after an experimental spinal 
block performed on himself had to be abandoned 
when a poor fit between syringe and needle resulted 
in considerable loss of cerebrospinal fluid (CSF). 


Nearly 100 years later, the exact pathophysiology of .- 


the symptoms is still uncertain, although it is known 
that loss of spinal CSF depletes the intracranial CSF 
“cushion” of the brain. Movement of the brain in 
the upright posture then causes traction on pain- 
sensitive intracranial structures. Pain arising on or 
above the tentorium cerebelli is transmitted via the 
trigeminal nerve to the frontal region; pain from 
below the tentorium is transmitted via the vagus and 
upper cervical nerves to the occipital region and 
- neck. 

Whatever the exact cause of the pain, the cure is to 
seal the hole in the dura. This always occurs 
naturally, usually within 1 week, but it may occasion- 
ally take much longer. A remarkable (and unwel- 
come) feature of the postdural puncture headache 
(PDPH) syndrome is that such a trivial injury may 
cause such an incapacitating condition. The postural 
nature of the symptoms makes them particularly 
disabling and, as a result, attempts to find a cure have 
been numerous, unsuccessful and at times ill- 
advised. Tourtellotte listed alphabetically 49 
methods of treatment, from abdominal binders (for 
which at least there was some physiological basis) to 
x-radiography of the skull (for which there was not). 
Nelson attempted the ingenious method of passing a 
length of catgut down the offending needle to seal the 
hole, but unfortunately this sometimes resulted in 
cauda equina lesions [1]. Brown and Jones [2] and 
Harrington, Tyler and Welch [3], as a last resort (but 
fortunately successfully), carried out laminectomies 
to close, with clips or a fascial graft, dural holes 
which were respectively 5 months and 5 years old! 
Rather more success—although not invariable—has 
been claimed for the use of extradural saline boluses 
[4,5] or infusion [6], and for i.v. caffeine sodium 
benzoate [7, 8]. 

The first report of the use of autologous blood 
injected into the extradural space to “patch” the 
hole in the dura was made by Gormley in 1960 [9], 
inspired by his impression (since shown to be 
erroneous) that dural puncture accompanied by a 
“bloody tap” was less likely to result in PDPH. 
Using only 2-3 ml of blood, he claimed 100% cure 
in his series of eight subjects (one of whom was 


himself when suffering from PDPH after myelo- 
graphy). The next significant report was by Odzil 
and Powell who, using a rather complicated tech- 
nique of injecting 3 ml of clotted blood into the 
subarachnoid space and during withdrawal of the 
needle into the extradural space, claimed no case of 
PDPH in 100 spinal blocks using a 20-gauge needle, 
compared with a 15% incidence in a control group 
[10]. 

In 1970 [11] and 1972 [12], DiGiovanni and 
colleagues described two series totalling 108 patients 
administered a blood patch with 5--10 ml of blood 
with immediate and permanent cure in 90% and 
relief in another 8% within 24h. They also per- 
formed laboratory experiments in Angora goats 
showing that injected blood had largely disappeared 
from the extradural space in 2 weeks. The technique 
rapidly became more popular, with anaesthetists 
relieved to be able to offer effective treatment to 
sufferers from PDPH. The biggest study was a 
prospective and multi-centre trial organized by the 
American Society for Obstetric Anesthesia and 
Perinatology; this consisted of 185 patients, 182 of 
whom were completely and permanently relieved of 
PDPH by an average of 10 mi of blood injected 4 
days after the onset of symptoms [13]. 

The success of the method seemed to have been 
established, but then argument began as to whether 
or not blood patching should be carried out early, or 
even prophylactically. Some workers reported very 
poor success rates with such use [14, 15], while 
others claimed good results, stating that the essential 
ingredient for success was to use adequate volumes 
of blood (15-20 ral) .[16-18]. This argument is 
unresolved, although the possibility that the truth 
lies somewhere between is suggested by the work of 
Colonna-Romano and Shapiro, who found that 
15 ml of blood given prophylactically reduced the 
incidence of PDPH from 76.5% to 17.6 %—a 
considerable reduction, but not so spectacularly 
successful as some reports in which patching was 
delayed [19]. 

In the 30 years that blood patching has been 
performed, there has been conjecture, but very little 
evidence, on the mode of action and fate of the 
injected blood. It was assumed that the blood acted 
as a plug, and exerted a mass effect in the extradural 
space for an uncertain duration of time during which 
the body’s reparative mechanisms sealed the hole 
permanently. 

DiGiovanni and colleagues had shown that blood 
clot effectively sealed holes in a plastic bag of saline. 
Abouleish and colleagues [20], Naulty and Herold 
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[21] and others had shown that extradural block was 
successful when performed after blood patching, 
suggesting no residual adhesions in the extradural 
space; and there were no long-term neurological 
sequelae. Hardy showed, by myelography, that the 
blood was still present as a space-occupying mass 1 
week after injection [22], and Szeinfeld and col- 
leagues [23], in a useful (but unlikely to be repeated) 
study, used radioactively-labelled red blood cells to 
show that the injected blood spread extensively, 
mainly cephalad from the site of injection, to the 
extent of about 1.6 ml per spinal segment. Cook and 
Watkins-Pitchford made the interesting laboratory 
discovery that blood clotting was accelerated in the 
presence of cerebrospinal fluid [24]. 

Rosenburg and Heavner gained useful information 
from in vitro experiments on the ability of extradural 
blood patches of 25-gauge and 19-gauge holes in dog 
dura to resist pressures similar to those in the lumbar 
subarachnoid space of the human in the sitting 
position [25]. After 30 min of exposure of the dura to 
autologous blood, the blood was found to be adherent 
in thin sheets over and around the hole in the dura, 
with clotted blood protruding in a band through to 
the cerebrospinal fluid side of the hole in several 
subjects. The patches were then effective at resisting 
pressures up to 40 mm Hg in the 25-gauge group, 
although rather less effective in resisting pressures in 
the 19-gauge group. 

In the current issue of this Journal, an original and 
informative study of extradural blood patches using 
magnetic resonance imaging (MRI) pulls together 
some of these threads of evidence [26]. Imaging was 
carried out once each in five patients at intervals of 
30 min, 3, 7, 9 and 18h after blood patching. At 
30 min and 3h, the clot was shown to have a mass 
effect, compressing the dural sac and displacing the 
conus medullaris and cauda equina. There was also 
compression or displacement of nerve roots nearby. 
The main bulk of the clot occupied four or five 
vertebral levels with thinner spread cephalad and 
caudad several vertebrae further. Some blood in- 
itially increased the CSF signal, indicating its entry 
into the subarachnoid space, but by 3h this had 
concentrated to a focal clot within the dural sac 
apparently adherent to the dura. Imaging from 7h 
onwards showed that the mass effect had disap- 
peared, with a thinning layer of blood adherent to 
the dural sac, but extending much further cephalad 
than caudad. 

With its images of injected blood initially pro- 
ducing a mass effect resolving to a thinner layer of 
clot adherent to the posterior aspects of the dural sac, 
this study confirms earlier assumptions and investi- 
gations of the mechanism of extradural blood patch. 
‘Temporary displacement of nerve roots corresponds 
to radicular pain which occasionally accompanies the 
technique. A surprising feature, not described pre- 
viously, is the extensive spread of blood back into the 
subcutaneous fat, and it is suggested that this may be 
associated with the backache which not infrequently 
follows blood patching. A tendency for the blood to 
spread cephalad was noted by Szeinfeld and col- 
leagues [23] and confirms their recommendation that 
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the same or a lower interspace be used for blood 
patching. 

As the study unfolds, it is easy to forget that (for 
obvious reasons) the five MRI reports are of five 
different patients. The assumption is made that this 
is the typical sequence of events which would happen 
with any individual blood patch and, while probably 
reasonable, it is still an assumption and for that 
reason should be confirmed by additional studies. 

Lastly, while providing useful information on 
what happens when extradural blood patch 1s 
effective, it gives less clue on what happens when it 
is not. 

L. E. S. Carrie 
Oxford 
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MAGNETIC RESONANCE IMAGING OF EXTRADURAL BLOOD 
PATCHES: APPEARANCES FROM 30 MIN TO 18 H 


S. C. BEARDS, A. JACKSON, A. G. GRIFFITHS AND E. L. HORSMAN 





SUMMARY 


We have used magnetic resonance imaging to 
examine five patients treated with extradural blood 
patches for persistent post lumbar puncture head- 
ache. Images were obtained between 30 min and 
18 h after patching. Extradural blood patch injection 
produced a focal haematoma mass around the 
injection site which initially compressed the thecal 
sac and nerve roots. The main bulk of the extradural 
clot extended only three to five spinal segments 
from the injection site, although small amounts of 
blood spread more distally. Spread from the in- 
jection site was principally cephalad. Mass effect 
was present at 30 min and 3h, but clot resolution 
had occurred by 7 h, leaving a thick layer of mature 
clot over the dorsal part of the thecal sac. Eighteen 
hours after injection only small widely distributed 
clots, adherent to the thecal sac, were demon- 
strated. Extensive leakage of blood from the in- 
jection site into the subcutaneous tissues was 
present in all patients. (Br. J. Anaesth. 1993: 71: 
182-188) 
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Extradural blood patch is the treatment of choice for 
post lumbar puncture headache (PLPH) occurring 
as a complication of spinal or extradural anaesthesia 
[1-3]. The mechanism of action of the blood patch is 
incompletely understood, despite extensive clinical 
studies [2, 4-6]. We have recently presented the 
findings in a single patient investigated by magnetic 
resonance imaging (MRI) 30 min after injection of 
20 ml of blood into the extradural space [7]. MRI 
demonstrated considerable mass effect from the 
extradural haematoma, with compression of the 
thecal sac and of exiting nerve roots. We have now 
had the opportunity to examine an additional four 
patients between 3h and 18h after patching. The 
findings from all five of these patients are presented 
here and include new observations on the original 
patient which were appreciated only after exam- 
ination of later subjects. 


PATIENTS AND METHODS 


We studied five patients with severe PLPH resulting 
from accidental dural tap during extradural an- 
aesthesia (two patients), after spinal anaesthesia (one 


patient) and after combined extradural and spinal 
anaesthesia (two patients). In the two patients with 
combined extradural and spinal punctures, there was 
no evidence of dural puncture by the Tuohy needle. 

After local Ethics Committee approval, informed 
consent for MRI was obtained from each patient. 

Extradural blood patches were performed after 
24-84 h of unsuccessful conservative therapy (table 
I). Patching was performed with the patient in the 
sitting position. The technique of loss of resistance 
to air was used to locate the extradural space. All 
patches were performed using a 16-gauge Tuohy 
needle to inject 18-20 ml of autologous venous blood 
at the level of or adjacent to the original extradural 
puncture. Patches were performed by a senior 
registrar (three patients) or consultant in obstetric 
anaesthesia (two patients). 

The dorsolumbar spine was imaged in each patient 
at a pre-determined interval (30 min-18 h) after 
patching. Imaging was performed using a 0.5 Tesla 
Max System (General Electric). Each patient was 


TABLE I. Basic clinical data for all patients. In patients Nos | and 

4, two levels are indicated for the original procedure. In each, 

attempted extradural injection at the upper level was complicated by 

dural puncture. Successful extradural anaesthesia was subsequently 
established at the lower level 





Duration of Time to 
Patient Age Weight Procedure headache Patch MRI 
No. (yr) (kg) and level th) level (h) 





l 35 78 Extradural 36 L-2 0.5 
L.2-3 
+L3—4 

2 29 65 Spinal 36 
L2-3 

3 44 81 Spinal + 24 L.2-3 7 
extradural 
L3-4 

4 25 130 Extradural 84 
L1-2 
+ 2-3 

5 24 93 Spinal+ 72 L2-3 18 
extradural 
L.2~3 


T12-Li 3 


T12-Li 9 
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Fic. 1. A series of six axial T1 weighted GE images, demonstrating the distribution of blood within the extradural 

space in patient No. 2 (3 h after injection). The inset on each image shows the distribution of blood derived from both 

axial T1 and sagittal STIR images. Images are equidistantly spaced between T10 (A) and L3 (F). The arrow on ¢ 

indicates clot extending out through the left neural outlet foramen. In D, the arrow indicates a small focus of clot lying 

within and adherent to the thecal sac. The arrow in F indicates the dorsal root ganglion displaced downwards and 
anteriorly by the extradural clot. 


imaged in the sagittal plane using a T1 weighted 
gradient echo sequence (GE 300-480\ 14\90.8 Nex, 
96*256 matrix, 42-cm field of view). The use of a 
large field of view allowed visualization of the extent 
of haematoma from the T6—7 vertebrae to the sacral 
recess. Axial T1 weighted images were obtained also 
throughout the visualized haematoma (GE 480- 
670\14\90.4 Nex, 192*128 matrix, 22-cm field of 
view) in all patients. In four patients additional 
sagittal plane images were obtained using a Short 
Tau Inversion Recovery (STIR) T1 weighted se- 
quence (IR 1500/110, 4 Nex, 96*224-256 matrix, 
42-cm field of view) to suppress the signal from 
extradural and subcutaneous fat. 


Interpretation of MRI images 

MRI provides a highly specific and sensitive 
demonstration of clotting blood [8]. During the first 
2-10 h of clot development, haematoma appears as a 
markedly reduced signal on T1 weighted images. 
The presence of abundant fat within the extradural 
space provides clear contrast with larger areas of 
developing clot, but obscures smaller areas by 
swamping them with surrounding high signal. The 
use of STIR images specifically suppresses the high 
signal of fat and sensitively demonstrates fresh clot 
as areas of extreme high signal. The combination of 
axial T1 GE and sagittal STIR images allows 
demonstration of both the overall extent (STIR 
images) and the areas of greatest concentration (T1 


GE images) of blood within the fat-containing 
extradural space. Delineation of haematoma from 
CSF is not a problem with each sequence, as the 
paramagnetic effect of the clot results in a signal 
intensity less than that of CSF on T1 weighted 
images and greater than that of CSF on T2 weighted 
images. 


RESULTS 


Clinical findings 


All patients were suffering from severe PLPH at 
the time of patching. In patients Nos 4 and 5, 
potential technical problems caused by obesity led to 
a prolonged trial of conservative therapy before 
patching. There was a dramatic response to blood 
patch injection, with rapid relief of headache and 
postural symptoms within 30 min in all patients. 
There were no late recurrences of headache and 
repeat patching was not required in any patient. 
Three patients (Nos 1-3) complained of moderate 
local backache at the puncture site after patching; 
this resolved within 24 h in each. 


Magnetic resonance findings 


Patient No. 1, 30min after patching. Imaging 
findings in this patient have been presented pre- 
viously [7]. Parasagittal images demonstrated a 
sizeable blood clot in the posterior extradural space. 
The clot extended upwards from the puncture site to 
the T11-12 intervertebral space and down one 
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FIG. 2. A: Sagittal STIR image in patient No. 2 (3 h after injection), showing the distribution of extradural blood and 
extensive subcutaneous spread (clot appears white on this image). B: Axial T1 image in patient No. 2, showing 
extension of blood from the injection site into the fascial layers of the subcutaneous tissues (arrow; blood appears dark 
on this image). C: Sagittal STIR image in patient No. 5 (18h after injection), showing a thin residual layer of 
extradural blood and extensive subcutaneous spread (blood appears white). D: Axial T1 image in patient No. 5, 
showing blood spread into the subcutaneous fat (large arrow; blood appears dark) at the level of the needle track (small 


interspace to the L2-3 level. The clot was largest at 
the levels of the intervertebral discs where the 
sagittal diameter of the spinal canal is greatest. The 
clot was seen to compress the thecal sac and displace 
the conus medullaris and cauda equina anteriorly 
and to the right. Axial images demonstrated clot 
extending out through the intervertebral foramina at 
T11-12, T12-L1 and L1-2 with anterior displace- 
ment of the exiting nerve roots. In addition to the 
focal clot at the injection site, a thin layer of clot 
extended down the posterior aspect of the thecal sac 
to the level of the S1 vertebral body, upwards to the 
level of T9-10 and anteriorly into the anterior 
extradural space. An increase in the intensity of CSF 
signal on GE T1 weighted images indicated spread 
of blood into the subarachnoid space. 

A review of the images in this patient demon- 
strated extensive spread of blood into the fascial 
planes in the subcutaneous fat overlying the puncture 
site. This finding was not appreciated initially and 
was not described when this case was originally 
reported. 

Patient No. 2, 3h after patching. Extensive clot 
was demonstrated extending from T7 to L4, with the 
main bulk of the clot lying between T10 and L3 (fig. 
1). The clot was seen to surround the posterior 
aspect of the thecal sac and to conform to the outlines 
of the sac. There was generalized compression and 
anterior displacement of the thecal sac between T11 


arrow |. 


and L3. Focal clot was seen lying within the thecal 
sac at T12-L1 which appeared to be adherent to the 
theca (fig. 1p): the CSF signal was normal. Clot 
extended out through the neural outlet foramina at 
several levels (T11—-12 to L2—3) and was seen to 
displace the nerve root at two levels (fig. 1F). 

There was extensive spread of blood from the 
injection site into the fascial planes of the subcu- 
taneous fat, which was well demonstrated on STIR 
images (fig. 2). 

Patient No. 3, 7h after patching. A thin layer of 
clot was demonstrated lying adjacent and adherent to 
the posterior aspect of the thecal sac (fig. 3). Clot 
extended from T8 to L4, but was most prominent 
between T11 and L3. There was no significant 
displacement of neural structures and no evidence of 
subarachnoid spread of blood. Extensive haematoma 
was seen to spread from the injection site into the 
fascial planes of the subcutaneous fat. 

Patient No. 4, 9h after patching. A thick layer of 
clot extended from T11 to L2 and closely conformed 
to the outline of the dural sac. A thinner layer of clot 
extended from T6 to L3. The clot was closely 
adherent to the thecal sac, forming a ‘“‘saddle”’ of 
haematoma around the theca (fig. 4). There was no 
evidence of mass effect or subarachnoid blood and 
extensive spread of haematoma from the injection 
site into the fascial planes of the subcutaneous fat 
was again noted. 
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Fic. 3. Distribution of extradural blood in patient No. 3 (7 h after injection), Small foci of clot are seen adherent to 
the thecal sac at all levels (arrows; blood appears dark). 


Patient No. 5,18 h after patching. Minimal residual 
clot was seen extending from T12 to L2. The 
visualized clot was adherent to the thecal sac and had 
no mass effect. There was no evidence of sub- 
arachnoid spread of blood or mass effect. Extensive 
spread of haematoma into the fascial planes of the 
subcutaneous fat was again demonstrated (fig. 2). 


DISCUSSION 


Post lumbar puncture headache is usually a benign, 
self-limiting condition lasting for only a few days. In 
severe cases, however, the headache may be totally 
incapacitating and, without treatment, may last 
weeks or even months [2, 9]. 

The mechanism of PLPH is well described [2]. Its 
incidence and severity reflect the size of the 
subarachnoid—extradural fistula and are related 
closely to needle size [10]. PLPH is a particular 
problem after inadvertent puncture of the dura 
during attempted extradural anaesthesia. Although 
this complication occurs only in 1-2 % of patients [2, 
11] the combination of thecal puncture by a large- 
gauge Tuohy needle (16—18-gauge) and subsequent 
labour results in a 75-80% incidence of PLPH 
[1-3]. 

Gormley was the first to use injection of autologous 
blood into the extradural space to repair the thecal 


tear [12]. This technique has a high success rate, 1s 
relatively free of complications and is the method of 
choice for treatment of PLPH [2, 8, 13, 14]. The 
rapid response to patching cannot be explained by 
simple plugging of the thecal tear, as CSF production 
(0.5 ml min`’) cannot make up the lost fluid within 
such a short time [2, 15]. Cook and Watkins- 
Pitchford demonstrated acceleration of the coagu- 
lation pathway in the presence of CSF and suggested 
that the almost instantaneous coagulation at the 
blood—CSF interface could explain the rapid thera- 
peutic response [4]. Carrie disagreed with this 
conclusion, suggesting that the immediate response 
reflects displacement of CSF into the cranium by the 
injected volume within the spinal canal [15]. This 
suggestion is supported by the rapid response to 
bolus injections of saline into the extradural space [2, 
3]. In the current study, the thecal sac was 
compressed markedly by the extradural clot at both 
30 min and 3h after injection, providing further 
evidence that this mechanism is responsible for the 
rapid increase in CSF pressure after blood patch 
injection. Later images (7 h onwards) demonstrated 
no residual thecal compression, indicating that this 
mechanism of pain relief is only short lived. The 
sustained therapeutic response to blood patches 
undoubtedly reflects sealing of the thecal tear by 
clot. A single postmortem examination in a patient 
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FIG. 4. A: Sagittal STIR image, showing the distribution of extradural blood and subcutaneous spread in patient No. 
4 (9 h after injection; blood appears white). B-D: Distribution of extradural blood in patient No. 4. The blood forms 
a “saddle” of adherent clot along the dorsum of the thecal sac (arrows; blood appears dark) 


who received a blood patch 2 days previously 
demonstrated many separate clots “adherent to the 
dura like a vulcanising rubber patch” [2]. The 
appearances in patients Nos 3, 4 and 5 in the current 
study (figs 2-4) confirm the wide distribution of clot 
adherent to the theca after resolution of mass effect, 
particularly in the region of the patch injection. The 
accelerated coagulation which occurs in the presence 
of CSF may favour formation of clot around the site 
of the thecal tear, and the finding of clot extending 
through the puncture site into the subarachnoid 
space in patient No. 2 provides an elegant dem- 
onstration of the ability of focal extradural blood to 
seal a thecal tear (fig. 1D). The combination of the 
initial thecal compression by the extradural clot and 
the tendency to accelerated clotting in the region of 
the CSF leak may explain in part why early workers 
had considerable success with injections of as little as 
2 ml of blood [12]. 

Failure of extradural blood patching is often 
ascribed to inadequate injection volume [3, 9]. 
Although Gormley [12], in his original series of 
seven patients, had excellent results using only 
2-3 ml of blood, later workers had failure rates as 
high as 25% for late blood patch injection using 
6-10 ml [2, 6, 14, 16]. Crawford [3, 9] found that the 
use of increased volumes of blood was associated 
with a considerable increase in success and recom- 
mended routine use of injection volumes of 
18-10 ml. Several groups have now examined the 
relationship between injection volume and success of 
blood patching and all recent studies have followed 


Crawford’s recommendations for large injection 
volumes [1, 2, 17-19]. In the current study, all 
patients had a considerable volume of blood extend- 
ing out from the site of insertion of the Tuohy needle 
into the fascial planes between the subcutaneous fat 
compartments. This observation has not been re- 
ported previously and raises important questions 
regarding the fate of the injected blood. It is 
impossible to estimate accurately the volume of 
blood within the extradural space in our patients, but 
it seems clear that it was much less than the overall 
injected volume. The blood patch injections in our 
patients were uncomplicated and it seems likely that 
this leakage of blood is a common occurrence. 

The mechanism of this superficial leakage of blood 
is unclear. It is of interest that in Gormley’s original 
report of successful patching with volumes of 2-3 ml 
[12], extradural puncture was performed using a 
standard, end-hole, spinal needle and the extradural 
space was localized by withdrawing the needle after 
initial subarachnoid spinal puncture. Later studies 
invariably used 16—-18-gauge Tuohy needles and 
required considerably larger injection volumes. 
Although we can only speculate on the mechanism 
whereby blood enters the fascial planes, it seems 
possible that the use of the loss of resistance 
technique to locate the extradural space could result 
in the aperture of the Tuohy needle lying only partly 
within the extradural space during injection of blood. 
Alternatively, the presence of a relatively large defect 
in the ligamentum flavum may predispose to leakage 
of blood around the needle during injection or after 
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Fig. 5. Graphical demonstration of extradural blood distribution 
in all five patients. The patch injection level is indicated by a black 
dot. Hatched areas indicate the extent of clot contiguous with the 
injection site as demonstrated on T1 weighted GE images. Open 
boxes show the maximal spread as demonstrated on STIR images. 


needle withdrawal. Whatever the mechanism of 
blood leakage, the current recommendations for 
optimal injection volumes probably relate poorly to 
the actual volume of blood injected into the spinal 
canal. 

It is of interest that superficial leakage of blood 
was not demonstrated in the study of Szeinfeld and 
co-workers [19]. These workers used a gamma 
camera to document the spread of technetium-99m 
labelled blood in the extradural space during and 
after blood patch injections of 12~18 ml via a 17- 
gauge Tuohy needle. As no images were presented in 
this study, it is not possible to comment on whether 
or not the subcutaneous tissues were included within 
the collimated field which was examined. It is also of 
interest that only the first 10 ml of each injection was 
radiolabelled, so that leakage at the end of the 
injection may have been overlooked. 

Another postulated cause for failure of blood 
patching is introduction of extradural clot at the 
wrong level [20]. This might result from alteration in 
the surface markings of the puncture site after 
delivery and has also been used to explain the 
relatively low success rate of extradural patching in 
some studies in which blood was introduced down 
the extradural catheter, the tip position being 
unpredictable [3, 20, 21]. In comparison, the study 
of Shah and Veness [18] had a success rate of 100% 
using 15—20 ml of blood injected via an extradural 
catheter introduced only 2-3 cm beyond the tip of a 
Tuohy needle. This is perhaps surprising, as the 
imaging study of Szeinfeld and co-workers [19] 
demonstrated wide spread of blood within the 
extradural space. Injections of 12-17 ml in this study 
resulted in spread over seven to 14 spinal segments 
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and the extent of spread was directly related to the 
injection volume, with an average extent of one 
spinal segment per 1.6 ml of blood. This represents 
a slightly more extensive spread of blood than was 
seen in the current study, although this is not 
unexpected since radiolabelling studies are exquis- 
itely sensitive to even small quantities of tracer and 
might be expected to demonstrate volumes of blood 
too small to be seen reliably on MRI [22]. The 
findings in the current study largely explain the 
apparent importance of the injection site despite the 
extensive spread of blood in the extradural space. 
Although our study demonstrated blood spread over 
nine to 10 spinal segments after injections of 
18-20 ml, the majority of the clot and all the mass 
effect in patients Nos 1 and 2 was restricted to three 
to five segments around the injection site, with only 
small amounts of blood seen more distally. In 
common with Szeinfeld and co-workers, we found 
that the spread of clot was principally upwards from 
the injection site (fig. 5) and would therefore 
recommend that blood patch injections should be 
made at the level below the original spinal puncture. 

Complications of blood patching are unusual and 
usually self-limiting. Backache is the most commonly 
reported complication, occurring in 20-35% of 
patients, with an average duration of 27 days [1]. 
The mechanism of backache remains unexplained, 
but the demonstration of extensive subcutaneous 
haematoma in the present study may be one causative 
factor. Short-lived radicular pain is a rarely reported 
complication [2, 23, 24] and the demonstration of 
nerve root displacement in patient No. 1 confirms 
the assumptions of previous workers that this results 
from nerve root compression by extradural clot. 
Spread of blood into the subarachnoid space has 
been suggested as a possible source of late arachnoid- 
itis. Although the present study confirms the pres- 
ence of subarachnoid spread, reports suggest that 
there is no reason to believe that this will give rise to 
late complications [2, 25]. 

On the basis of our findings, we would recommend 
that extradural blood patch be performed below the 
original site of puncture, but within one to two spinal 
segments. If the technique is performed via a 
Tuohy needle, gradual injection of up to 20 ml of 
blood is appropriate and smaller volumes should be 
used only when injection is limited by patient 
discomfort. 
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NITROUS OXIDE ELIMINATION AND DIFFUSION HYPOXIA 
DURING NORMO- AND HYPOVENTILATION 


S. EINARSSON, O. STENQVIST, A. BENGTSSON, E. HOULTZ 


AND J. P. BENGTSON 


SUMMARY 


We studied the elimination rate of nitrous oxide in 
36 patients undergoing orthopaedic surgery. They 
were allocated randomly to one of six groups which 
differed in time of nitrous oxide exposure and mode 
of ventilation. In order to simulate recovery condi- 
tions, nitrous oxide administration was discon- 
tinued after 30, 60 or 120 min of exposure. Either 
normoventilation or hypoventilation was used. The 
mean excretion rate was 7 litre min! at 1min, 
declining to 100 mi min at 30 min, with relatively 
small effects of different modes of ventilation and 
times of exposure. In spite of an Flo, of 0.30, there 
were significant decreases in Spo, during both 
normo- and hypoventilation. The smallest end-tidal 
oxygen concentrations were reached at 10-15 min 
in the groups with hypoventilation, after 1 or 2 h of 
nitrous oxide exposure. (Br. J. Anaesth. 1993; 71: 
189-193) 
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Anaesthetics, gases: nitrous oxide. Hypoxia: diffusion. 


The time required for the elimination of nitrous 
oxide from the body during recovery from an- 
aesthesia is predicted to be similar to that required 
for saturation with the gas [1,2]; there is a close 
agreement in relative uptake and excretion curves for 
nitrous oxide [3,4]. There are few quantitative 
studies of nitrous oxide elimination, but in one 
study, peak nitrous oxide outflow was 1 litre at 
1.5 min [5]. 

The effect of ventilation on end-tidal concentra- 
tions has -been studied [6], but it is not clear if 
ventilation has any effect on body elimination of 
nitrous oxide. In theory, there is no appreciable 
effect of increasing ventilation if the anaesthetic is as 
poorly soluble as nitrous oxide [7]. 

Arterial oxygen desaturation may develop when 
nitrous oxide-oxygen anaesthesia is discontinued 
and the patient breathes room air [8]. Because 
nitrous oxide is more soluble in blood than nitrogen, 
the excretion of nitrous oxide into the alveoli is 
greater than the uptake of nitrogen from the alveoli 
into the blood. The dilution of alveolar oxygen by 
nitrous oxide may cause arterial hypoxaemia. This 
diffusion hypoxia is said not to be clinically signifi- 
cant in healthy patients who maintain normoventil- 


ation [9, 10]. During controlled normoventilation of 
patients undergoing neurosurgery, Pao, decreased 
by 2.2 kPa, 10 min after the inspired gas was changed 
from 79% nitrous oxide in oxygen to air [11]. 
Normal subjects sedated with 75 % nitrous oxide for 
90 s during moderate hyperventilation demonstrated 
arterial desaturation, caused mainly by apnoea [12]. 

The aim of this investigation was to study nitrous 
oxide elimination rates during recovery with normo- 
and hypoventilation after different durations of 
exposure to nitrous oxide, and to evaluate the 
influence on end-tidal oxygen concentration and 
oxygen saturation. 


PATIENTS AND METHODS 


The study was approved by the Ethics Committee of 
the University of Göteborg. 

A non-rebreathing system with a Servo 900C 
ventilator was used, with a l-litre mixing box 
connected distal to the expiratory valve. Gas for 
concentration analyses was sampled from the outlet 
of the mixing box and from the connection between 
the Y-piece and the tracheal tube. A Capnomac 
Ultima (Datex Instrumentarium OY, Helsinki, 
Finland) monitored inspiratory and end-tidal con- 
centrations of nitrous oxide, oxygen, carbon dioxide 
and isoflurane or enflurane. This gas monitor also 
intermittently monitored mixed expired gas con- 
centrations. The gas analyses were collected on-line 
to a computer using a Datex Daisy software program. 
A Datex Cardiocap was used for pulse oximetry. An 
Ohmeda 5420 Volume Monitor (Ohmeda, BOC 
Health Care Division) measured expiratory ven- 
tilation volume. This is a turbine vane monitor with 
a stated tidal volume accuracy of +8% or +40 ml, 
whichever is greater, within the range 200-3000 ml. 
A heat-moisture exchanger was used for inspiratory 
gas humidification. 

Anaesthesia was induced with thiopentone 
4-5 mg/kg body weight, tracheal intubation was 
facilitated with suxamethonium Imgkg? and 
pancuronium 0.06-0.15mgkg4 was used for 
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TABLE I. Patient data (mean (range)) 


Group 
N-30 H-30 H-60 N-120 H-120 
Weight (kg) 80 75 69 68 67 
(56-95) (58-94) (65-91) (56-81) (43-93) (52-80) 
Height (cm) 176 175 170 173 172 
(168-182) (158-194) (176-183) (159-181) (160-190) (159-188) 
Age (yr) 45 36 4 40 52 37 
(17-81) (15-73) (23-76) (15-69) (18-77) (22-50) 
Sex (M/F) 4/2 4/2 3/3 3/3 1/5 
Normoventilation Hypoventilation 
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Fig. 1. Mean (SEM) nitrous oxide excretion rates (VN,O) during normoventilation and hypoventilation after nitrous 
oxide exposure of 30 ((]), 60 (@) or 120 (O) min. 


neuromuscular block. Fentanyl (total dose 
0.002-0.006 mg kg“) was used at induction and 
during anaesthesia, to provide analgesia. Inspiratory 
concentrations of 30% oxygen, < 2% enflurane or 
isoflurane, and 68-70% nitrous oxide were used. 

Nitrous oxide was discontinued during the an- 
aesthetic in order to simulate postanaesthetic con- 
ditions, after the patients had received it for 30, 60 or 
120 min. Then air and oxygen were used, with the 
inspiratory oxygen concentration unchanged at 
30%. The inhalation agent vaporizer setting was 
also unchanged during the subsequent 30-min study 
period. To substitute for the anaesthetic effect of 
nitrous oxide, midazolam 0.04 mg kg~! was given i.v. 
5 min before cessation of nitrous oxide administra- 
tion. 

During the period of nitrous oxide elimination, 
either normoventilation or hypoventilation was 
maintained: the inspiratory ventilation volume used 
tO maintain an end-tidal carbon dioxide concen- 
tration (Eco) of 4.0% was either Kept constant or 
reduced by 50 % 5 min before the discontinuation of 
nitrous oxide and then kept constant during the 
following 30-min study period. Ventilatory fre- 
quency was unchanged, at 14 b.p.m. If Spo, de- 
creased to less than 90%, the inspiratory oxygen 
concentration was increased by 5% increments until 
oxygen saturation reached 90 % or more. 


After obtaining informed consent, we studied 36 
ASA I or II patients undergoing orthopaedic surgery 
with an expected anaesthesia duration of at least 
2.5 h. Patients were allocated randomly to one of six 
groups: 

Group N-30. Patients were given nitrous oxide 
(Fiy,o 0.68-0.70) for 30 min. The inspiratory ven- 
tilation volume used to maintain Eeo, 4.0% at 
30 min was kept constant during the following 30- 
min study period. 

Group H-30. Patients were given nitrous oxide for 
30 min, as in group N-30. The inspiratory ven- 
tiation used to maintain E'co, 4.0% at 25 min was 
reduced by 50% 5min before the nitrous oxide 
elimination period. Ventilatory frequency was un- 
changed, at 14 b.p.m. 

Group N-60. Nitrous oxide was given for 60 min 
and the inspiratory ventilation volume maintaining 
Eco, 4.0% at 60 min was kept constant during the 
study period. 

Group H-60. Nitrous oxide exposure was for 
60 min and inspiratory ventilation volume was 
reduced by 50% 5 min before discontinuation of 
nitrous oxide, as in group H-30. 

Group N-120. Nitrous oxide exposure was for 


_ 120 min. Ventilation volumes were as in groups N- 


30 and N-60. 
Group H-120. Nitrous oxide was given for 
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120 min. Ventilation volumes were as in groups 
H-30 and H-60. 

Two patients, one in group H-60 and one in group 
H-120, had Spo. values less than 90% at 6 and 
3 min, respectively. FIo, was increased to 0.55 and 
0.35, respectively, until adequate Spo, was obtained. 
The inspiratory to end-tidal oxygen concentration 
differences of these patients were extrapolated to 
Filo, 0.30, as were the oxygen saturation values. 


Statistics 


Results are expressed as mean (SEM) or as mean 
(range) and compared by one-factor ANOVA re- 
peated measures within groups, followed by 
Fischers PLSD test. A one-way ANOVA and 
Fischers PLSD test were used for comparison 
between groups. Best-fit curves for nitrous oxide 
excretion rates were created according to a power 
model. Statistical significance analysis was per- 
formed through the calculation of best fit curves for 
each patient. The following formula was used: 


VN,0 (ml /70 kg min“) = br” 


where b = l-min elimination rate; t= time after 
cessation of administration of nitrous oxide (min); 
m = negative “‘slope”’ of the curve. 

Statistical significance was assumed for P < 0.05. 


RESULTS 


Patient data are presented in table I. The nitrous 
oxide excretion rates were normalized by weight to 
mil min™'/70 kg (fig. 1). The mean excretion rate was 
987 mi min` at 1 min, declining to 103 ml min™ at 
30 min. Best fit curves gave significantly greater b 
and m values in groups N-30 and N-60 compared 
with groups H-60 and H-120 (P < 0.05 in all cases), 
indicating larger initial excretion rates in groups N- 
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TABLE II. Best-fit curves created for each patient according to the 
formula VN,O (mi/70 kg min™) = br-™ (mean (SEM)) 


Group 
N-30 H-30 N-60 H-60 N-120 H-120 


5 1263 1082 1371 821 908 778 


SEM 125 169 106 66 131 65 
m 0.76 0.67 0.72 0.57 0.59 0.57 


SEM 0.04 0.06 0.04 0.02 0.02 0.03 


30 and N-60, but a more prolonged nitrous oxide 
excretion in groups H-60 and H-120 (table II). 

The mean expired ventilation volume was 
7.13 litre in the three groups with normoventilation 
and 3.20 litre in the groups with hypoventilation. 
Eco, decreased gradually in the groups with normo- 
ventilation during the 30-min nitrous oxide elim- 
ination period. Mean E’co, values at 30 min were 3.60 
(SEM 0.16) % in group N-30, 3.83 (0.11) % in group 
N-60 and 3.78 (0.17)% in group N-120. Cor- 
responding values during hypoventilation were 6.75 
(0.24) %, 7.35 (0.15)% and 7.40 (0.20) % in groups 
H-30, H-60 and H-120, respectively. 

Mean end-tidal nitrous oxide concentration de- 
clined rapidly from 66 to 70% at 0 min to 6-9 % at 
5 min and to 24% at 30 min during normovent- 
lation. In the groups with hypoventilation, the values 
were 16-23 % at 5 min and 5-9 % at 30 min (fig. 2). 

The maximum inspiratory to end-tidal oxygen 
concentration difference was 5.7% in group N-30, 
6.0% in group N-60 and 6.3% in group N-120, all 
at 3min. During hypoventilation, corresponding 
maximum values were 11.9% at 4 min in group 
H-30, 14.8% at 10 min in group H-60 and 14.8 % at 
15 min in group H-120 (fig. 3). The curves were 
significantly different between normo- and hypo- 
ventilation (P < 0.05 in all cases), but also between 
groups H-30 and H-60, and between groups H-30 
and H-120 (P < 0.05 in both cases). 
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Fic. 2. Mean (SBM) end-tidal nitrous oxide concentration during normoventilation and hypoventilation after nitrous 
oxide exposure of 30 (C), 60 (@) or 120 (O) min. 
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Fic. 3. Mean (SEM) inspiratory to end-tidal oxygen difference (1p —E’g,) during normoventilation and hypoventilation 
after nitrous oxide exposure of 30 (C1), 60 (@) or 120 (O) min. 


Mean Spo, was 96.5-97.5% at the ume of 
cessation of nitrous oxide (fig. 4). The smallest mean 
values were 96.0% at 15 min in group N-30, 96.5% 
at 1 min in group N-60, 97.2% at 4 min in group 
N-120, 96.3% at 3 min in group H-30, 93.8% at 
5 min in group H-60 and 93.5% at 4 min in group 
H-120. The decrease in Spo, between 0 min and 
15 min was significant in group N-30 (P < 0.05). In 
the groups with hypoventilation, there were signifi- 
cant decreases in Spy, between 0 and 4 min in group 
H-30, between 0 and 3-20 min in group H-60 and 
between 0 and 3-30 min in group H-120 (P < 0.05 in 
all cases). 


DISCUSSION 


This study has demonstrated that nitrous oxide is 
eliminated at a rate similar to that at which it is taken 
up. The time of exposure, within the range 
30—120 min, had no significant influence on excretion 
rates. This is an indication that the output reservoir 
formed by the body is finite and almost full after 
30 min of nitrous oxide administration. The effect of 
hypoventilation on nitrous oxide elimination was 
most pronounced during the first few minutes, which 
can be interpreted as a slower elimination from the 
lung volume of the patient. The ventilatory volumes 
had little effect on the excretion rates after 5 min. 
Thus the greatest impact of augmenting ventilation 
on nitrous oxide elimination is achieved during the 
first 5 min. , 

The prerequisites for diffusion hypoxia were 
present after the first 3-5 min of recovery, which has 
been suggested previously [7]. The mean inspiratory 
to end-tidal oxygen concentration difference during 
hypoventilation, after 1-2 h of exposure to nitrous 
oxide, reached a maximum of almost 15% at 
10-15 min. This would correspond to an end-tidal 
oxygen concentration of 6% during air breathing. 


The end-tidal gas concentrations after 1 h of nitrous 
oxide administration can be used to simulate a period 
of recovery breathing room air (fig. 5). Normo- 
ventilation is crucial to maintain adequate alveolar 
oxygen concentrations during the first 30 min of 
recovery. Hypoventilation had little effect on nitrous 
oxide elimination after about 5 min; in contrast, the 
end-tidal nitrous oxide concentration was about 
doubled in the 5-30 min interval during hypoventi- 
lation compared with normoventilation. The end- 
tidal carbon dioxide concentration increased to about 
7% during the first 30 min of hypoventilation during 
recovery. Thus both nitrous oxide and carbon 
dioxide dilute alveolar oxygen. With air breathing, 
the decreasing oxygen tension affects the haemo- 
globin oxygen saturation on the steep part of the 
oxygen dissociation curve, with resultant arterial 
desaturation. In figure 5, we have attempted to 
calculate the arterial oxygen saturation from the 
oxygen dissociation curve, using the inspiratory to 
end-tidal oxygen concentration difference in the 
study [13]. Hypoventilation after anaesthesia without 
nitrous oxide would decrease the end-tidal oxygen 
concentration, but to a much smaller extent. 

A recent review on mechanisms of postoperative 
hypoxaemia found diffusion hypoxia during nitrous 
oxide elimination “unimportant” [14]. Our study 
conflicts with this view. In spite of an inspiratory 
oxygen concentration of 30%, we found decreases in 
SPo, during both normo- and hypoventilation. 

In clinical practice, we recommend that nitrous 
oxide is discontinued early in the recovery period, 
so that the patient is monitored during the first 
elimination phase. As hyperventilation does not 
influence the elimination of nitrous oxide to a large 
extent, and increases the risk of a subsequent 
hypoventilation during transport to the recovery 
area, hyperventilation should be avoided. During 
transport from the operation theatre to the recovery 
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Fic. 4. Mean (SEM) pulse oximetry oxygen saturation (Sp 
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Fic. 5. Calculated arterial oxygen saturation (Sap) (heavy 7 
stippling) and alveolar gas concentrations (ATPD) (W = oxygen; O 
= carbon dioxide; = nitrous oxide; fa = nitrogen) during 8 
recovery after 1 h of nitrous oxide anaesthesia with normo- and 9 


hypoventilation using room air. 


room, we strongly recommend the use of oxygen 
therapy, regardless of the duration of the nitrous 


oxide anaesthesia. u 
In conclusion, the nitrous oxide elimination rates 
were close to those predicted previously, but there is 
a risk of diffusion hypoxia for at least 30 min from 12 
cessation of nitrous oxide administration in the 
presence of hypoventilation. 13. 
14. 
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MEASUREMENT OF BREATH-BY-BREATH GAS EXCHANGE 
DURING GENERAL ANAESTHESIAT 


P. C. W. BEATTY, M. J. BEECH AND T. E. J. HEALY 


SUMMARY 


We describe a single flow transducer breath-by- 
breath gas exchange measurement system suitable 
for use during general anaesthesia. The system uses 
a Fleisch No. 2 pneumotachograph, a mass spec- 
tometer and a microcomputer to give real-time 
continuous measurements. Correction for apparent 
gas exchange attributable to changes in gas stored 
in the lung (functional residual capacity) is avail- 
able. The correction assumes no gas exchange of 
either nitrogen or argon for air-breathing subjects 
or argon only during anaesthesia, while the inspired 
concentrations are maintained at atmospheric 
values. The method has been tested against 
Douglas bag measurement and compared with 
results from conventional systems used by other 
authors. The system measurements show broad 
agreement with Douglas bag measurements, 
although the limits of agreement are wide for air- 
breathing volunteers. The system between-breath 
variation was typical of breath-by-breath methods 
in other areas of medical research. (Br. J. Anaesth. 
1993; 71: 194-200) 


KEY WORDS 
Lung: function. Measurement techniques: mass spectrometry. 


The measurement of gas exchange during anaes- 
thesia and intensive therapy may be used to de- 
termine the basic pharmacokinetics of gaseous 
anaesthetic agents [1,2], to derive the respiratory 
quotient as a guide to parenteral feeding regimens 
[3, 4] or to measure the effects of i.v. drugs [5]. 

Gas exchange in the clinical environment has been 
measured using three established techniques. In 
titration methods, the quantity of gas required to 
maintain the inspired concentration in a closed 
environment is measured; these methods have been 
applied to measurements made during paediatric 
intensive therapy [6]. Measurements using modified 
breathing systems have been applied in general 
anaesthesia [7]. In the investigation of the physiology 
of exercise, fast measurement response to changes in 
the work load of exercising subjects is required and 
the use of breath-by-breath measurement of gas 
exchange has been favoured [8—10]. 

The maximum amount of information is obtained 
usually from breath-by-breath measurement. How- 
ever, during anaesthesia the use of this method has 
been limited by the need to correct for the wide 


range of gas composition changes encountered. 
Furthermore, the absence of air nitrogen in the 
inspired gases prevents the application of Haldane’s 
transformation, in which the ratio of inspired to 
expired nitrogen concentrations is used to deduce 
inspired volume from expired volume by assuming . 
no exchange of nitrogen [11]. Additionally, no 
correction of measurements for changes in the 
volume of gas stored in the lung attributable to 
breath-to-breath changes in functional residual ca- 
pacity (FRC) can be made. 

We describe a breath-by-breath gas exchange 
measurement system which overcomes the problems 
posed, for eight gases. It uses a single pneumo- 
tachograph, a mass spectrometer and a micro- 
computer. The system is suitable for use during 
general anaesthesia. 


SUBJECTS AND METHODS 
Principles of operation 

The technical problems faced by any breath-by- 
breath gas exchange system using a remote sensor of 
gas concentrations are threefold: 

(1) Correction for the relative delay between flow 
information and concentration information resulting 
from lag time in the gas capillary of the measuring 
instrument. 

(2) The need to correct for different humidity and 
gas composition between inspired and expired gases 
and the effect of changes on flow measurement. 

(3) The need to correct flow measurements for the 
wide range of changes in gas composition within 
expired gas. 

The last two of these problems have often been 
solved in other reported systems by use of two 
pneumotachographs calibrated for inspiratory and 
expiratory gas, respectively. For the system reported 
here, two pneumotachograph heads would have 
reduced its applicability in anaesthesia, and so a 
single flow transducer system was specified. A 
further design constraint of the system was the need 
to make measurements in real-time and display the 
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Fic. 1. Schematic diagram of the breath-by-breath gas exchange measurement system. 


results breath-by-breath, requiring that results be 
computed within the time limits of the breathing 
cycle. 

The mathematical basis and the technical details, 
including error sensitivity analysis of the system and 
calibration results for the individual components 
have been reported in detail elsewhere [12, 13]. The 
design of the system addressed these fundamental 
problems; design constraints may be summarized as 
follows: 

(1) The delay between the mass spectrometer and the 
flow transducer was allowed for separately for each 
breath by identifying the beginning of inspiration in 
the carbon dioxide concentration channel. This point 
was associated with the point at which inspiratory 
flow started on the flow transducer. This method had 
the advantage that it worked even if the delay 
changed because of partial blockage of the capillary 
of the mass spectrometer. 

(2) Inspired gases were assumed to be of constant 
concentration at the concentration values given at 
the point expiration started on the flow transducer. 
At this point, the mass spectrometer was still 
registering inspired concentration, because of its 
capillary delay time. 

(3) Inspired volume of gas was measured by the 
pneumotachograph micromanometer. This inte- 
grated the inspired flow signal on a sample-and-hold 
circuit, holding it until the next inspiration, when it 
automatically reset. This eliminated the need to 
compute inspired volume and gave the computer 
time for calculation and display in real-time. 

(4) Measurement of expired gases flow was corrected 
for changes in gas composition by assuming that the 
gases had a constant composition throughout expira- 
tion at the mean of the inspired to end-tidal 
concentration values. It was assumed that the 
viscosity of the mixture equalled the mean of the 
viscosities of their components weighted by their 
concentration. A fixed inspiratory-to-expiratory dif- 
ference factor was used to allow for humidity. 

(5) The mass spectrometer measured the concen- 
tration of all gases in the mixture except water 
vapour, with the result that all gas concentrations 
were measured as if dry at room temperature. 

Because the system relies on a portion of the 
ventilatory cycle time in which to do its calculation, 
as ventilatory frequencies increased there came a 
point at which there was insufficient time for the 
calculation to be performed. At this point, calcu- 
lations were performed every other breath. As a 


result, the figures produced by the system are not 
expressed as flow per minute, but as volume per 
breath. Switching to every other breath occurred in 
the reported results at approximately 20 b.p.m. and 
affected around 10% of readings, mostly in the 
spontaneously ventilating patients and volunteers. 


Apparatus 


A schematic diagram of the system used is shown 
in figure 1. Instantaneous gas concentration values 
obtained by the mass spectrometer (VG Spectralab- 
M) are passed to the computer via an RS 232C 
interface. Inspired volume and expired flow signals 
from the pneumotachograph micromanometer are 
passed to the same microcomputer using two analog- 
to-digital converters. The capillary of the mass 
spectrometer is mounted on the patient side of an 
assembly including a Fleisch No. 2 pneumo- 
tachograph head. The whole assembly can be 
inserted into any standard anaesthetic circuit at the 
catheter mount. The sampling rate for the system 
was 10 Hz. 

In all the tests described, the mass spectrometer 
was calibrated using a static gas mixer [14]. The 
accuracy of the instrument so calibrated has been 
described elsewhere [15]. 

The software run by the BBC microcomputer is 
menu-driven and stores data collected on a breath- 
by-breath basis onto floppy disc. Event markers and 
patient information are stored on the same disc. 
Breath-by-breath uptake, end-tidal and end-inspira- 
tory concentrations for all the gases monitored, 
together with a measurement of respiratory quotient 
(RQ), are available. The display allows one of these 
calculated functions to be displayed graphically 
breath-by-breath in 10-min periods, with the other 
functions being simultaneously displayed numeri- 
cally. 


Gas exchange measurement methods 


The mathematical theory underlying the system 
has been described by several authors 
[9, 10, 12, 13, 16]. Two forms of breath-by-breath 
measurement of gas exchange were implemented in 
the computer program. 

In the simplest, no correction for lung gas stores, 
breath-by-breath, was made. Gas exchange at the 
mouth was calculated only from the difference 
between the inspired and expired volumes of each 
gas. The inspired volume of each gas was calculated 
from the constant inspired gas concentration and the 


196 


Pneumotachograph 
` \ Ambu valve 


C3 


Subject 
Douglas bag 


Ventilatory tap 


Fic. 2. Experimental arrangement for testing in air-breathing 
volunteers. 


total inspired volume. The expired volume of each 
gas was calculated from the summation over the 
expiration of the instantaneous product of gas 
concentration and volume expired. 

In the second method, it was assumed that one of 
the two inert gases with which the body is saturated 
from the atmosphere was maintained at atmospheric 
inspiratory concentration. In these circumstances, 
there can be no effective concentration gradient 
between inspired gas and the body and any breath- 
by-breath gas uptake detected in these gases by the 
system must be attributable to changes in the gas 
stored in lung from breath to breath, resulting from 
changes in FRC. Either nitrogen, if the subject is 
breathing air, or argon, which can be maintained in 
the anaesthetic breathing system at near its atmos- 
pheric concentration of 0.93 % vol/vol, may be used. 
During nitrous oxide in oxygen anaesthesia, argon 
was supplied to the patient breathing system using a 
modified T-piece and a fine metering valve placed at 
the fresh gas flow supply to the system. The 
concentration was maintained manually by reference 
to the inspired argon concentration measured by the 
mass spectrometer. In practice, after induction of 
anaesthesia, it was found that argon flow required 
relatively few adjustments, being buffered by the 
volume of the breathing system and the FRC of the 
subject. 


Clinical application 


After Ethics Committee approval and informed 
consent were obtained, we tested the accuracy of the 
system with seven air-breathing volunteers and two 
groups of 10 patients receiving general anaesthesia 
for elective gynaecological surgery. All patients were 
premedicated with temazepam 10-20 mg orally 1-2 h 
before operation. 

Anaesthesia was induced with propofol 
2-2.5 mg kg i.v. and tracheal intubation facilitated 
by suxamethonium 50-100 mg i.v. Anaesthesia was 
maintained with 50-70% nitrous oxide in oxygen 
and a propofol infusion. One group of patients 
breathed spontaneously throughout the procedure. 
The other group received vecuronium 0.1 mg kg“! 
and controlled ventilation with a Blease-Manley 
ventilator. 

Air breathing volunteers. The accuracy of gas 
exchange measurements of oxygen and carbon 
dioxide made by the system was compared with 
standard Douglas bag techniques. 

Volunteers were requested to breathe through the 
pneumotachograph head past the mass spectrometer 


BRITISH JOURNAL OF ANAESTHESIA 


probe into an Ambu resuscitation valve (fig. 2). The 
valve was used to displace expired gas into a Douglas 
bag via a ventilatory tap. After steady breathing had 
been established through the apparatus, the ventil- 
atory tap was turned and 20 expirations collected in 
a 10-litre Douglas bag. At the same time, measure- 
ments using the breath-by-breath system were made. 
After thorough mixing of the contents, the mixed 
expiratory concentrations of carbon dioxide and 
oxygen in the bag were measured using the mass 
spectrometer. Expiratory volume was measured by 
emptying the bag through a previously calibrated 
dry gas meter which was re-zeroed before each 
measurement. Haldane’s transformation was applied 
to the contents of the bag to obtain the inspired 
volume and the results corrected for humidity. 

Three measurements were made for each vol- 
unteer: one without equilibrium gas correction, one 
with argon and one with nitrogen. None of the 
volunteers used in the experiments was a trained 
breather. 

Spontaneously ventilating patients. After the in- 
duction of anaesthesia and intubation of the trachea, 
the patients breathed a nominal 70% nitrous oxide 
in oxygen mixture through a Mapleson A (Magill) 
breathing system with an inspired argon concen- 
tration maintained at 0.93(+0.1)% vol/vol. An- 
aesthesia was allowed to stabilize and then measure- 
ments were made with the system. After the 
measurements, patients were connected immediately 
to an arrangement of two Douglas bags and an Ambu 
valve. One Douglas bag was used to collect expired 
gases and the second bag, which had been pre-filled 
with a mixture of nitrous oxide, oxygen and argon of 
the same inspired concentrations, was used as the 
source of gas. Mixed expired gas concentrations in 
the Douglas bag were measured by the mass 
spectrometer and expired volume by dry gas meter, 
as described previously. Oxygen, carbon dioxide and 
nitrous oxide exchanges were then assessed in a 
manner similar to that for Douglas bag measure- 
ments with spontaneously ventilating volunteers 
breathing room air, but without the application of 
Haldane’s transformation. The total inspired volume 
was therefore assumed to be equal to the total 
expired volume over the Douglas bag measurement 
period. 

Patients undergoing controlled ventilation. Expired 
gas was collected for 20 breaths into a Douglas bag 
attached to the expiratory port of the Blease-Manley 
ventilator. To reduce variability and to check for 
leaks, the ventilator was used at fixed settings 
previously calibrated over several breaths using a dry 
gas meter, to give a measurement of inspiratory 
volume. The stability of these calibrated tidal 
volumes was checked during the experiments using 
an electronic anemometer (Ohmeda). Expired 
volumes in the Douglas bag were measured using the 
dry gas meter and mixed expired gas concentrations 
were measured by mass spectrometry. An Ambu 
resuscitation valve was used to supplement the valve 
in the ventilator circuit, to prevent mixing of 
inspiratory and expiratory gases at the end of the Y- 
piece. Inspiratory concentrations were adjusted 
manually by manipulating the flowmeter block on 


BREATH-BY-BREATH GAS EXCHANGE MEASUREMENT 


the anaesthetic machine in response to the mass 
spectrometer readings. The system and Douglas bag 
measurements were made synchronously. 


RESULTS 


The results from the experiments have been pro- 
cessed as illustrated by figures 3 and 4, which show 
the results from tests on carbon dioxide exchange 
without correction for lung gas stores under con- 
trolled ventilation. The results have then been 
summarized in tables I-III for each of the groups of 
subjects studied. 

The mean exchange measured by the system was 
plotted against the corresponding Douglas bag 
measurements and regression analysis performed. 
Within-patient variation per breath was considered 
as SD error bars (fig. 3). In subsequent tables, the 
results of the regression analysis have been sum- 
marized in terms of slope m and intercept c, together 
with their SE. 


50 


30 


20 


System Vco, (ml breath™!) 


10 





0 10 20 
Douglas bag Vto, (ml breath?) 


30 49 50 


Fic. 3. Mean carbon dioxide exchange per breath: measurement 

by the system compared with that by Douglas bag for anaes- 

thetized patients under controlled ventilation (no correction for 

lung gas) (error bars indicate +1 sp of within-patient, between- 
breath variation). 
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Fic. 4. Difference (system — Douglas bag) in mean carbon dioxide 

exchange per breath, vs exchange per breath measured by Douglas 

bag under controlled ventilation for anaesthetized patients (no 
correction for lung gas). 


Between-subject variation (mean and sp of the 
differences between system and Douglas bag 
measurements) is given in terms of both ml breath™! 
and % of the Douglas bag measurement (“ between- 
subjects differences” in tables). The within-subject, 
between-breath variation (SD of the differences 
between the breath-by-breath system measurements 
and the corresponding single Douglas bag measure- 
ment) is also given in terms of ml breath and % of 
the Douglas bag measurement (“within-subject, 
between-breath variation”’ in tables). 

The differences between the system measurement 
and the Douglas bag measurement were plotted 
against the Douglas bag measurement (fig. 4). The 
limits of agreement for the measurements were 
calculated using the method of Bland and Altman 
[17] (mean error +2 sp). These limits are shown in 
figure 4 and summarized in the individual tables. In 
a slight departure from the method of Bland and 
Altman, the limits have been expressed with ref- 


TABLE I. Summary of results for air breathing volunteers. S = system; DB = Douglas bag 


Vco, Vo, 
Correction gas | Correction gas 
None N; A None N, A 
Regression line (regression equation (Vx) = m (Vaona +e) 
m (SE) 0.97 (0.03) 1.00 (0.05) 0.97 (0.06) 0.99 (0.07) 0.99 (0.09) 0.90 (0.09) 
c (SE) 1.12 (0.65) 0.17 (1.21) 0.02 (1.35) 0.13 (2.19) — 0.18 (3.28) — 0.05 (2.98) 
Between-subject differences (S -—- DB) 
Volume (ml) 0.40 (2.06) 0.21 (2.86) — 0.56 (3.08) 0.06 (7.12) — 0.23 (8.61) — 3.26 (6.60) 
(mean (SD)) 
Limits —3.72/4.52 —5.51/5.93 —6.72/5.6 — 14.18/14.3 —~ 17.45/16.99 — 16.46/9.94 
of agreement 
Percent of DB 4.07 (15.36) 2.32 (18.13) — 3.23 (12.57) 1.21 (26.85) 0.01 (22.90) — 11.56 (24.40) 
(mean (sD)) 
Within-subject, between-breath variation 
Volume (sp) (mil) 4.15 5.06 5.42 12.19 8.67 10.47 
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Tass II. Swnmary of results for spontaneously breathing patients undergoing nitrous oxide in oxygen anaesthesia. S = System; DB = 
Douglas bag 

Veco, Vo, 
Correction gas Correction gas Correction gas 
None A None A None A 
Regression line (regression equation (Vy), = m (Voor tc) 
m (SE) 0.99 (0.02) 1.01 (0.03) 1.00 (0.03) 1.01 (0.01) 0.83 (0.09) 1.09 (0.02) 
c (SE) 0.88 (0.36) —Q.77 (0.13) 0.07 (0.70) —~0.56 (0.09) 4.55 (2.41) 2.18 (0.054) 
Between-subject differences (S —DB) 
Volume (ml) —0.61 (1.20) 0.60 (0.41) — 0.13 (1.82) 9.37 (0.99) -0,11 (5.12) — 0.47 (2.20) 
(mean (SD)) 
Limits 3.01/1.79 —0,22/1.42 —3.77/3.51 —~1,61/2.35 10.35/10.13 4.87 /3.93 
of agreement 
Percent of DB — 3.45 (7.39) 3.99 (3.24) —0.50 (7.10) —~ 1.87 (3.59) ~- 0.80 (20.32) 0.28 (10.56) 
(mean (SD)) 
Within-subject, between-breath variation 
Volume (sp) (ml) 2.0 0.70 4.45 3.59 8.05 5.35 


TABE III. Summary of results for patients undergoing mitrous oxide in oxygen anaesthesia under controlled ventilation. S = System; DB = 


VO, 


Correction gas 


Douglas bag 


Correction gas 


Correction gas 


None A None A None A 
Regression line (regression equation (Vx), = m (Vx)os +0) 
m (SE) 1.03 (0.01) 0.96 (0.01) 0.98 (0.02) 1.04 (0.01) 0.93 (0.04) 0.77 (0.06) 
c (SE) — 0.57 (0.15) 0.43 (0.11) 0.53 (0.52) —~ 1.44 (0.18) 3.86 (1.50) 7.03 (1.87) 
Between-subject differences (S— DB) 
Volume (ml) —0.15 (0.49) 0.19 (0.49) —~ 0.04 (1.42) 0.65 (0.94) ~~ 1.54 (5.55) 0.26 (2.33) 
(mean (SD)) 
Limits —1.13/0.83 ~~ ).79/1.17 —2.8/2.72 — 1.23 /2.53 — 12.64/9.56 ~~ 4,4/4.92 
of agreement 
Percent of DB —0.39 (2.33) 0.65 (3.38) —~ 0.60 (5.67) 4,21 (6.35) — 10.9 (34.0) 0.48 (7.62) 
(mean (SD)) 
Within-subject, berween-breath variation 
Volume (sD) (ml) 1.38 0.97 1.44 5.66 6.62 


erence to the Douglas bag measurements and not the 
mean of the system measurements and Douglas bag 
measurement. Although the measurements are not 
exactly comparable, Douglas bag measurements 
have been used by other authors as a standard of 
comparison. 

Detailed results for air-breathing volunteers are 
given in table I, for the exchange of carbon dioxide 
and oxygen according to the three methods of 
correction. Regression analysis showed that they 
were all consistent with the line of identity, with 
slopes m not significantly different from unity and 
intercepts c not significantly different from zero. For 
both between-subject and within-subject variation, 
SD values were greater for oxygen exchange than for 
carbon dioxide exchange; nitrogen and argon cor- 
rections did not produce any significant reduction in 
sD value for within-subject, between-breath vari- 
ation. 

In the spontaneously breathing patients, most of 
the regression lines were consistent with the line of 
identity (table II). In this group of patients, the 
argon correction roughly halved the between-subject 
SD values and reduced those between breaths. Both 
types of sD were again greater for oxygen than for 
carbon dioxide, and greater still for nitrous oxide. 


For the patients receiving controlled ventilation 
(table III), most of the regression lines differed 
significantly from the line of identity, but only for 
nitrous oxide exchange with the argon correction 
was the slope notably different from unity (0.77). 
Again, the between-subject and within-subject sp 
values were greater for oxygen exchange and greatest 
for nitrous oxide although, here, the argon correction 
was not so consistently successful in reducing sp 
values. 


DISCUSSION 


General considerations of accuracy 


The Douglas bag collection system is not an ideal 
method for strict comparison with the sort of 
computer-aided, breath-by-breath measurement 
system described: the Douglas bag collects the total 
gas expired over a number of breaths, but because 
the system measures volume per breath, a com- 
parable mean exchange per breath can be deduced 
only by weighting the results by tidal volume. 
However, the computer system reported here did not 
take account of variations in tidal volume. Bearing 
this in mind, it is important to ascertain if the 
differences demonstrated between the methods in 
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TABLE IV. Comparison of breath-to-breath coefficients of variation 
in results of the system reported here and other systems described in 
the literature for air breathing subjects (mean (SD between subjects)). 
*Tratned or regular breather; **patients, untrained or irregular 


breathers 
Coefficient of variation 
Investigating group 
and method Co, O, 
Swanson [17] 
No correction gas 21.6 (6.3) 
Nitrogen correction 10.2 (3.2) 
Other correction 5.3 (1.6) 
Goldman [8] 
No correction gas 13.1* 7.3 
46.2** 56.2 
Nitrogen correction 21.4* 26.8 
27.4** 40.7 
13.9* 8.3 
Other correction PAIS aiai 20.9 
13.1* 8.2 
22: 1** 21.0 
Wessel [9] 
Nitrogen correction 17.54 (5.96)** 16.59 (5.90) 
Beaver [10] 
Work rate: Rest 9.63 (2.21) 11.11 (1.34) 
50 W 7.06 (1.26) 8.23 (2.78) 
100 W 6.33 (2.91) 5.26 (3.10) 
Mean of results from 
present system y 
No correction gas 15.21 (6.6) 23.50 (6.2) 
Nitrogen correction 18.20 (8.7) 20.69 (12.2) 
Argon correction 20.60 (14.2) 20.42 (10.6) 


this study indicate a limit of accuracy less than that 
seen in dual flow transducer systems used by others 
[8-10, 17] which used different methods of account- 
ing for the fundamental difficulties of making this 
type of measurement. 

In all types of subject and for all types of 
correction, the errors associated with carbon dioxide 
measurement were smaller than those associated 
with oxygen or nitrous oxide. This was to be 
expected, and was caused by the errors of inspiratory 
volume measurement being cancelled by the neg- 
ligible inspiratory concentrations of carbon dioxide 
present in the breathing systems used. If a breath- 
by-breath measurement technique of the type 
reported was used to assess gas exchanged at in- 
creased inspiratory concentrations of carbon dioxide, 
it would be expected that the overall errors for 
carbon dioxide measurement would increase and 
become comparable to those of oxygen measurement. 

In some cases, the limits of agreement for the 
methods indicated large volume per breath differ- 
ences between different corrections and subject 
groups. In the case of air-breathing volunteers, these 
differences may be as much as +50%—an un- 
acceptable figure. However, bearing in mind the 
limited comparability of Douglas bag measurements 
and the system measurements, conclusions drawn 
from the limits of agreement have to be treated with 
a degree of caution. 


Comparison of system with other systems for air 
breathing volunteers 
Table IV shows the coefficients of variation (CV) 


for gas exchange measurements taken from the 
literature for measurements in air-breathing sub- 


jects. The CV expresses variability within single- 
subject records. The use of CV as an indicator of 
measurement reliability had the advantage that the 
way in which results were originally expressed made 
no difference—a necessary property if different 
systems from the literature, that vary greatly in their 
method of reporting, are to be compared. 

The disadvantage of CV is that it does not take 
account of any effects of error of distribution in the 
data that varies from system to system. However, CV 
does give an approximate basis of comparison. 

Where more than one subject data set was 
available, the mean and sp of the individual CV for 
published subject records are shown. There was no 
significant difference between the variability of the 


results reported here and those of Swanson, Sodal 


and Reeves for no lung gas stores correction [16] or 
Wessel and colleagues [9] for the same methods 
implemented with a dual transducer system. The 
more revealing of these two studies is that of Wessel’s 
group, as they made measurements in subjects at 
rest. Swanson, Sodal and Reeves [16] used what 
appear to have been trained breathers under mod- 
erate exercise. 

There are significant differences between our 
results and those of Goldman, Dzvonczyke and 
Yadagani [8] and Beaver, Lamaura and Wasserman 
[10]. Beaver’s group [10] used trained breathers and 
the experiments were performed at steadily in- 
creasing exercise workloads. It might be thought 
that, as exercise levels increased, the amount of 
between-breath variation would increase. However, 
their results [10] suggest the reverse because, as the 
workload increased, CV values decreased. Gold- 
man’s group [8] classified their results according to 
subjects being regular or irregular breathers. Our 
results were generally significantly less than those 
from the irregular breathers group and significantly 
greater than those from the regular breathers group. 
Both groups were at rest and were volunteers 
although, in the case of the regular breathers group, 
they were likely to have been trained breathers. 

It seems that, in common with other breath-by- 
breath measurement systems, the system reported 
here was sensitive to variation in ventilatory pattern. 
Its degree of sensitivity is comparable to that of other 
systems using the same measurement methods and 
dual pneumotachographs in the absence of anaes- 
thetic gases. The results were consistent with the 
present system being as reliable as any other and 
superior in some cases, even with respect to irregular 
breathing by untrained volunteers. 


Adequacy of accuracy for clinical measurements 
during general anaesthesia 


One of the potential advantages of using breath- 
by-breath measurements during anaesthesia is that it 
is a universal method of measurement of gas 
exchange requiring little interference in the patient 
breathing system. 

Alternative methods of measurement of gas ex- 
change during anaesthesia have typical estimated 
accuracies for oxygen and carbon dioxide exchange 
measurements of 3.0% (sp) and for nitrous oxide 
uptake of 7.0% (sp) [1,5, 7]. With these systems, 


200 


significant clinical differences have been shown in 
gas exchange and their accuracies are comparable to 
that of the system reported here for spontaneous and 
controlled ventilation during general anaesthesia. 


Efficacy of lung gas stores correction 

The effects of the applications of correction for 
variation in lung gas stores by nitrogen or argon were 
ambiguous. In the case of air-breathing volunteers, 
neither of the two methods of correction for gas lung 
stores offered definitively greater accuracy, probably 
because of limitations of accuracy inherent in the 
method in the presence of irregular breathing 
patterns. Even in this case, however, argon cor- 
rection was no worse than the nitrogen correction, 
even though the inspired concentration was two 
orders of magnitude smaller. It would seem that 
argon correction is a viable alternative to nitrogen 
correction. 

In the case of the application of the correction 
during general anaesthesia, significant improvement 
for spontaneous ventilation was seen in all cases, but 
only a marginal increase in accuracy was achieved by 
the application of the corrections for controlled 
ventilation. This was to be expected as, under 
controlled ventilation, changes in lung gas stores and 
breath-by-breath would be expected to be smaller. 
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TIME COURSE OF PRIMARY AND SECONDARY HYPERALGESIA 
AFTER HEAT INJURY TO THE SKIN 


S. M@INICHE, J. B. DAHL AND H. KEHLET 


SUMMARY 


We have examined the time course of, and re- 
lationship between, primary and secondary hyper- 
algesia after thermal injury to the skin in humans. 
Burn injuries (18x25 mm rectangular thermode, 
49°C, 5min) were produced in eight healthy, 
unmedicated male volunteers, on the medial side of 
the right calf, on two occasions at least 8 days 
apart. Heat pain detection thresholds (HPDT), heat 
pain tolerance (HPT), mechanical pain detection 
threshold (MPDT) and the intensity of burn-injury 
induced erythema (skin erythema index, SEI) were 
assessed inside the burn injury. HPT was assessed 
only in one study period. Areas of hyperalgesia to 
pinprick and brush were determined outside the 
injury. Assessments were made before and regularly 
for 72 h after the burn injury. There was a decrease 
in heat pain and mechanical thresholds, an in- 
crease in SEI inside the injury and development of 
mechanical hyperalgesia outside the injury. These 
alterations were consistent between the two exam- 
ination days. The time course of the intensity of 
primary hyperalgesia was related closely to that of 
changes in area of secondary hyperalgesia, and 
hyperalgesia outside the injury did not outlast 
hyperalgesia inside the injury in any volunteer. 
These findings suggest post-injury development of 
secondary hyperalgesia to be a dynamic process, 
closely related in time to a peripheral nociceptive 
input, with reversal to normal when the peripheral 
lesion disappears. These observations may be 
relevant to the concept of “ pre-emptive“ analgesia. 
(Br. J. Anaesth. 1993; 71: 201-205) 


KEY WORDS 
Analgesia: pre-emptive. Pain: experimental, mechanism. 


Cutaneous injury leads to alterations in thermal and 
mechanical sensibility termed primary and second- 
ary hyperalgesia [1-4]. “Primary hyperalgesia” 
refers to changes within the injury and ‘‘secondary 
hyperalgesia” to changes in the undamaged tissue 
surrounding the injury. Primary hyperalgesia is 
probably caused by sensitization of both peripheral 
nociceptors and central neurones [4-10]. A recent 
series of studies in humans and primates supported 
the previous suggestion [2, 3] that secondary hyper- 
algesia is caused by a central facilitation of mechano- 
receptive input from the periphery [4, 6-9]. 
Corresponding experimental studies have 
demonstrated that central sensitization of dorsal 


horn neurones may outlast the peripheral injury [11] 
and that it may be eliminated or reduced by pre-, but 
not post-injury neural block or administration of 
opioids [12-15]. These findings suggest that the 
central alterations, when induced, may be inde- 
pendent of a sustained nociceptive input from the 
periphery. This dissociation between the alterations 
in the peripheral and in the central nervous system is 
critical for the clinical implications of “pre-emptive 
analgesia” [16-19]. However, the relationship be- 
tween peripheral and central alterations after pro- 
longed peripheral activation of nociceptive processes 
has not been evaluated systematically in clinical 
studies. 

The aim of the present study was to examine the 
time course of, and relationship between, primary 
and secondary hyperalgesia after thermal injury to 
the skin in humans. 


SUBJECTS AND METHODS 


We studied eight healthy, unmedicated male 
volunteers, median age 28 yr (range 20-46 yr). 
Informed consent was obtained from all volunteers, 
and the study was approved by the regional Ethics 
Committee. 

Hyperalgesia was produced by burn injuries at 
analogous skin areas on the medial surface of the 
right calf with a 15x25 mm rectangular thermode 
(Thermotest, Somedic A/B, Sweden), applied to the 
skin with a standardized pressure (26 kPa) [20]. The 
temperature of the thermode was 49°C, and the 
application time 5 min. This resulted in first- or 
second-degree burn injuries with blisters measuring 
approximately 0.25-0.5 cm*®. During thermal stimu- 
lation, intense pain was experienced for the first 1-3 
min, and then declined gradually towards a feeling of 
soreness through the rest of the conditioning period. 


Primary hyperalgesia 

Thermal thresholds inside the injury were deter- 
mined with a computerized Thermotest (Somedic 
AB, Sweden). The thermode was identical with that 
used for production of the burn injury. Heat pain 
detection threshold (HPDT) was defined as the least 
temperature perceived as painful and heat pain 
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tolerance (HPT) as the maximal tolerable tem- 
perature. Interpretation of “‘pain”’ was left to the 
subject, who was instructed to apply the same 
interpretation throughout the study. Determinations 
were made from a baseline temperature of 32 °C, a 
temperature gradient of 1°C s? and a maximum 
temperature of 52 °C. The subjects were instructed 
to activate a push button when a sensation of pain 
was perceived (HPDT) or when maximal tolerable 
pain was perceived (HPT). Each threshold was 
calculated as the average of three determinations 
performed with intervals of 10s between each 
stimulation. Pain thresholds to mechanical stimu- 
lation (mechanical pain detection threshold, MPDT) 
were determined by pinprick with nine successive 
rigid nylon Von Frey hairs (1 = 0.5 g; 9 = 16 g) 
(Somedic A/B, Stockholm, Sweden). MPDT was 
defined as the smallest pressure (pinprick) in the 
burn injury which produced a sensation of pain. 

As an estimate of the severity of inflammation, the 
intensity of burn injury-induced erythema inside the 
burn injury was assessed with a hand-held skin 
reflectance spectrophotometer (Dermaspectrometer, 
Cortex Technology, Hadsund, Denmark) [21, 22] 
applied to the centre of the test areas. The spectro- 
photometer provided a skin erythema index (SEI) 
based on the absorption characteristics of green and 
red light at 568 nm and 655 nm in the skin. 


Secondary hyperalgesia 


The area of mechanical hyperalgesia that de- 
veloped around the burn injury was assessed with a 
rigid (16-g) Von Frey hair (pinprick), and a hand- 
held brush with multiple nylon filaments covering an 
area of 6x 12mm (brush). Borders of hyperalgesia 
were determined by stimulating along eight radial, 
linear paths arranged from the centre of injury. 
Stimulation along each path began outside the 
hyperalgesic area, where no sensation of pain was 
perceived, continuing towards the centre of the burn 
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TABLE I. Heat pain detection thresholds (HPDT), heat pain 
thresholds (HPT), mechanical pain detection thresholds (MPDT), 
and erythema inside the injury (“primary hyperalgesia”), and 
“secondary hyperalgesia” to pinprick and brush outside the injury, 
before (“pre”) and 3-72 h after burn injury on the two examination 
days (median (range)). *Significantly different from baseline (pre) 


values (P < 0.05, with Bonferront’s correction) 


Day 1 Day 2 
Heat pain detection threshold (HPDT) 

Pre 46.6 (44.2-49.4) 46.3 (44.4-49.2) 
3h 41.1 (38.5-45.7)* 42.0 (38.4-45.9)* 
6h 42.2 (38,.3~-45.9)* 45.4 (39.8-47.7) 

24h 43.4 (40,.3-46.0)* 44.3 (41,2-45.4)* 

30h 43.4 (40.6-46.0)* 44.2 (42.8-46.3) 

48 h 44.6 (40.6-46.5)* 43.8 (42.1-48.7) 

54h 44.9 (40.0-46.9) 45.2 (42.1-47.7) 

72h 45.1 (41.8-48.9) 46.1 (42.1-47.7) 
Heat pain threshold (HPT) 

Pre 50.7 (48.9-52.0) 
3h 49.0 (45.1-50.8)* 
6h 49.4 (45.0-51.1) 

24h 48.6 (46.6-51.0)* 

30h 49.6 (47.3-51.1) 
48h 49.8 (49.1-52.0) 
54h 49.9 (49.1-52.0) 
72h 50.1 (48.5-52.0) 
Mechanical pain detection threshold (MPDT) 

Pre 9 (9-9) 9 (9-9) 
3h 5 (4-8)* 6 6-7)* 
6h 6.5 (5-9)* 5.5 (5-7)* 

24h 7 (6-9) 6.5 (4-8)* 

30h 6.5 (6-9)* 6 (5-8)* 

48h 8 (6-9) 9 (7-9) 

54h 8.5 (7-9) 9 (6-9) 

72h 9 (7-9) 9 (9-9) 

Erythema ) 

Pre 13.5 (7—16) 13.5 (7-19) 
3h 20 (18~23)* 20.5 (17-25)* 
6h 19.5 (17-23)* 21.5 (16—25)* 

24h 20 (19~24)* 21 (14-28)* 

30h 22 (19-24)* 21.5 (15—25)* 

48h 20 (15~24)* 23 (10-24)* 

54h 18.5 (12-21) 20.5 (10-24) 

72h 17 (10-22) 17 (10-23) 


Secondary hyperalgesia, pinprick 
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Fic. 1. Relationship between heat pain detection thresholds (HPDT) (the least temperature perceived as painful) 
inside the injury (@) and area of hyperalgesia to pinprick outside the injury (Pinprick) (A) on two examination days 
after thermal injury (median values; n = 8). Open symbols: baseline (pre) values and values not significantly different 
from baseline. Closed symbols: values significantly different from baseline (P < 0.05 with Bonferroni’s correction). 
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Fic. 2. Effect of thermal injury on changes in heat pain threshold (HPT) (the maximal tolerable temperature) inside 

the injury; mechanical pain detection threshold (MPDT) (the least pressure perceived as painful (Von Frey No.)) 

inside the injury; skin erythema index (SEI) (intensity of burn injury-induced erythema) inside the injury; area of 

hyperalgesia to brush outside the injury (Brush) on two study days (1 = @; 2 = A) > 1 week apart (median values, 

n = 8). Open symbols: baseline (pre) values and values not significantly different from baseline. Closed symbols: 
values significantly different from baseline (P < 0.05 with Bonferroni’s correction). 


Primary hyperalgesia 

HPDT (fig. 14) decreased significantly (in eight of 
eight volunteers) between 3 h and 48h after injury, 
compared with preinjury thresholds (P < 0.0001 
(F)). Results were similar on day 2 (P < 0.0008 
(F)), except that HPDT was decreased in only 
seven of the eight volunteers at 6, 30 and 48 h after 
injury, explaining the non-significant difference from 
pre-injury thresholds at these assessments (fig. 1B). 
HPT (fig. 24) decreased after injury (P = 0.01 (F)) 


and remained decreased until 24h after injury 
compared with preinjury threshold. MPDT (fig. 2B) 
decreased significantly between 3 and 30h after 
injury on both examination days, compared with 
preinjury thresholds (P< 0.00001 (F). HPDT 
and MPD'T were not significantly different on the 
two examination days (P = 0.38 (NP) and P = 0.74 
(NP), respectively). 

SEI (fig. 2c) increased between 3 and 48h after 
injury on both examination days, compared with 
preinjury values (P < 0.00001 (F). SEI was not 
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significantly different on the two examination days 
(P =0.74 (NP)). An inverse relationship was 
observed between SEI and HPDT on both exam- 
ination days (day 1: Rs=—0.57, P < 0.00001; 
day 2: Rs = —0.44, P = 0.0004; global data). 


Secondary hyperalgesia 

Areas of hyperalgesia to pinprick (fig. 1A, B) and 
brush (fig. 2D) increased significantly between 3 and 
24 h, and between 3 and 6 h after injury, respectively 
(P < 0.00001 (F) for both pinprick and brush, 
compared with pre-injury areas (= zero)). Areas of 
hyperalgesia to pinprick and brush were not signifi- 
cantly different between the two examination days 
(P = 0.55 CNP) and P = 0.64 (NP), respectively). 


Relationship between primary and secondary 
hyperalgesia 

An inverse relationship was observed between 
HPDT inside the injury and the area of hyperalgesia 
to pinprick and brush outside the injury on both 
examination days (day 1: pinprick Rs = — 0.58, P < 
0.00001; brush Rs = —0.42, P = 0.0009; day 2: 
pinprick Rs = —0.39, P = 0.002; brush Rs = —0.32, 
P=0.01, global data). The relationship between 
HPDT and areas of secondary hyperalgesia to 
pinprick is shown in figure 1 (A, B). Small areas of 
secondary hyperalgesia to pinprick were still present 
in seven, six and two volunteers at 30, 48 and 54h, 
but in no subject 72h after the injury. Likewise, 
small areas of hyperalgesia to brush were present in 
five, three, two and one subjects at 24, 30, 48 and 
54h, but in none 72h after injury. When HPTD 
inside the injury had returned to normal, areas of 
hyperalgesia to pinprick or brush outside the injury 
could not be demonstrated in any subject. 

A significant correlation was observed between 
HPDT and MPDT inside the injury (day 1: Rs = 
0.34, P = 0.007; day 2: Rs = 0.41, P = 0.001, global 
data). 


DISCUSSION 


In agreement with previous studies [1-4], we 
observed a decrease in heat pain and mechanical 
thresholds inside, and development of mechanical 
hyperalgesia outside, a thermal injury to the skin. In 
addition, an increase in SEI was observed inside the 
injury. 

The molecular mechanisms of primary hyper- 
algesia to heat stimuli are probably related closely to 
the processes of inflammation [5,10]. Following 
noxious stimuli to peripheral nerves, antidromic 
impulses in axons promote the release of substance P 
from nerve endings, resulting in vasodilatation and 
increase in vascular permeability. This leads to local 
oedema and flare and, with the release of substances 
such as prostaglandins, leukotrienes, bradykinin, 
serotonin and histamine, to inflammation and 
sensitization of nociceptors [5, 10}. 

We observed an inverse relationship between SEI 
and HPDT on both examination days. The skin 
erythema index may be useful in evaluating the 
dynamics of inflammation [23], but further studies 
are needed to evaluate the relationship between SEI 
and nociceptive processes. 
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From clinical studies there is substantial evidence 
that secondary hyperalgesia resulting from a physical 
injury [2, 3] or application of capsaicin to the skin [4, 
6-9] is caused by central facilitation of mechano- 
receptive input from the periphery. It is not clear 
if the central facilitation is independent of a con- 
tinuous input to the spinal cord and, thus, may 
outlast the duration of the peripheral injury. Hardy, 
Wolff and Goodell [2] reported that tenderness at the 
site of a thermal injury to the skin always outlasted 
secondary hyperalgesia. However, exact data on the 
time course of primary and secondary hyperalgesia 
were not provided in that study. In contrast, 
hyperalgesia for punctate stimuli outside an intra- 
dermal injection of capsaicin lasted 13—24 h, whereas 
flare and hyperalgesia to heat near the injection site 
lasted only for 1-2 h [4]. Post-injury administration 
of local anaesthetics at the site of a thermal injury [1, 
20] or after an intradermal injection of capsaicin [4] 
only partially reduced the area of secondary hyp- 
eralgesia during short-term (< 3h) studies. These 
findings may reflect a period of at least a few hours 
during which there is relative independence of 
central sensitization to ongoing peripheral activity. 
In contrast, the abnormal central state in sympath- 
etically maintained pain depends on a continuous 
input to the central neurones, as a block of the 
nociceptor input normalizes the central functional 
changes [10, 24]. 

In experimental studies some, but not all, central 
alterations may be dependent on peripheral activity 
[25]. Thus Dickenson and Sullivan [26] showed that 
central changes produced by formalin hyperalgesia 
could be reversed by afferent block, whereas other 
studies have found that post-injury administration of 
local anaesthetics at the site of injury produces only 
partial and slow reversal of expansion in receptive 
fields and hyperexcitability [12, 13, 27, 28]. How- 
ever, those studies were also short-term observations 
within less than 1-2 h after afferent block. 

We observed a significant relationship between 
primary and secondary changes, but hyperalgesia 
outside did not outlast hyperalgesia inside the injury 
in any volunteer. It has been suggested that 
hyperalgesia to mechanical stimuli inside the injury 
may be caused by central neuronal changes [7, 10]. 
In our study, the decrease in MPDT correlated with, 
but did not outlast, the decrease in HPDT inside the 
injury. Our findings, which were consistent between 
two examinations, are in agreement with the original 
observations by Hardy, Wolff and Goodell [2] and 
may suggest that maintenance of the central alter- 
ations after thermal injury is dependent upon a 
sustained barrage of afferent impulses [2]. 

Based on experimental studies, it has been 
speculated that surgery in humans may lead to 
alterations in central neuronal processing, and that 
such alterations may outlast the peripheral injury 
and amplify and prolong postoperative pain [11, 16, 
17]. Although the time-course of primary and 
secondary hyperalgesia after a thermal injury may 
differ from that of surgery, results from the present 
clinical study cannot confirm the suggestion that 
central sensitization may outlast afferent trans- 
mission from a peripheral injury [27]. Therefore, the 
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relative contribution of secondary hyperalgesia to 
the magnitude and duration of postoperative pain 
awaits clarification. 

Finally, our observations may be relevant to the 
concept of “pre-emptive” analgesia, as analgesic 
treatment which continues as long as the afferent 
barrage from the periphery (surgical wound) 
continues may be more important than a short- 
lasting pre-emptive treatment. Therefore, pre- 
emptive analgesia should be provided in combination 
with prolonged treatment. It is not clear if pre- 
emptive analgesia may facilitate or shorten the 
postoperative need for analgesics [18]. 
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TEACHING FIBREOPTIC NASOTRACHEAL INTUBATION WITH 
AND WITHOUT CLOSED CIRCUIT TELEVISION 


J. E. SMITH, S. G. FENNER AND M. J. KING 


SUMMARY 


We have compared the progress of anaesthetists 
taught fibreoptic nasotracheal intubation with the 
aid of a closed circuit television (CCTV) system 
with that of anaesthetists taught by traditional 
methods. Twenty anaesthetists were allocated 
randomly to either the video or traditional training 
group. A graduated training programme was used 
in which the first stage was an introduction to 
techniques and apparatus and the second stage 
was practice on an airway model. During the third 
stage, rhinoscopy, pharyngoscopy and laryngo- 
scopy were performed on anaesthetized patients 
whose lungs were ventilated via an orotracheal 
tube. A maximum time of 6 min was allowed for 
completion of laryngoscopy. Trainees aimed to 
perform five endoscopies in less than 60 s before 
moving on to the next stage. During the fourth 
stage, they carried out five traditional nasotracheal 
intubations (plus two video-controlled intubations 
for the video group) on apnoeic, anaesthetized 
patients. The mean number of endoscopies required 
(11.7 vs 27.8), mean total endoscopy time (21.5 vs 
63.7 min) and mean number of failed endoscopies 
(0.8 vs 3.9) were significantly less in the video 
group. All the video-controlled intubations were 
successful. There was no significant difference 
between the number of successful traditional 
intubations in the two groups (90% video, 92% 
traditional). CCTV appears to enhance substantially 
the rate of acquisition of fibreoptic nasotracheal 
intubation skills. (Br. J. Anaesth. 1993; 71: 
206-211) 
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Intubation: technique, training. Equipment: fibreoptic laryngo- 
scope. 


Fibreoptic intubation is an important advance in the 
management of the difficult airway and there is a 
growing consensus that opportunities to learn this 
technique should be on the curriculum of every 
anaesthetist in training [1-3]. Fibreoptic airway 
endoscopy demands acquisition of complex psycho- 
motor skills and is sometimes perceived as a difficult 
technique to learn. Experienced endoscopists should 
therefore attempt to evaluate techniques and ap- 
paratus that may facilitate and enhance the learning 
of fibreoptic skills. 

Training may begin directly with anaesthetized 
patients, with or without the use of special pharyn- 


geal airways and guides [4-7]. However, there are 
likely to be advantages in adopting a step-by-step 
approach of trainees graduating in stages from simple 
to more complex tasks [8, 9]. Hence, training may 
begin with practice on an airway model, followed by 
laryngoscopy in anaesthetized patients and, subse- 
quently, fibreoptic intubation in awake patients. 
Graduated training programmes or progressive part 
practice are recognized as efficient ways to learn 
complex motor skills [10]. 

A major obstacle to progress in traditional teaching 
is that the trainee is the only eyewitness to the 
attempted endoscopy. Effective tuition in these 
circumstances is difficult and the trainee learns 
largely by a process of trial and error. The mimiature 
video camera enables the optical image from the 
fibrescope to be displayed on a television screen, so 
that both instructor and trainee can view the 
endoscopy. The instructor should therefore be able 
to make a more substantial teaching contribution 
[11]. This study was designed to assess to what 
extent, if any, closed circuit television (CCTV) 
systems could enhance the rate of acquisition of 
fibreoptic skills, by comparing the progress of two 
groups of anaesthetists, one receiving training with 
the aid of video display and the other with traditional 
teaching methods. 


PATIENTS AND METHODS 


The study was approved by the Ethics Committee of 
the South Birmingham Health District. Three 
experienced endoscopists taught the practical skills 
of fibreoptic intubation to 20 anaesthetists who had 
no previous experience in fibreoptic techniques. 
Trainees were paired according to age and pro- 
fessional status then assigned on a random number 
basis to receive teaching either by conventional 
methods (traditional group) or with the aid of CCTV 
(video group). The training schedule was divided 
into four stages: 


Stage 1—Introduction 


Instructors demonstrated operation of the 
Olympus LF1 fibreoptic laryngoscope and ancillary 


J. E. SMITH, M.B., CH.B., F.R.C.A.; S. G. FENNER, B.SC., M.B., B.S.; 
F.R.C.A.; M. J. KING, M.B., B.S., F.R.C.A.; Department of Anaes- 
thesia, Selly Oak Hospital, Raddlebarn Road, Selly Oak, 
Birmingham B29 6JD. Accepted for Publication: February 26, 
1993. 


TEACHING FIBREOPTIC NASOTRACHEAL INTUBATION 207 


equipment to all trainees. They also familiarized 
trainees in the video group with the CCTV system, 
which comprised the Olympus OT V-S2 endoscopic 
camera and control unit, video cassette recorder and 
television monitor. All trainees received oral and 
written information on the main problems likely to 
be encountered during fibreoptic intubation and the 
methods used to solve them. 


Stage 2—Practice on bronchoscopy model 


Trainees practised manipulating the fibrescope on 
a Laerdale intubation trainer with tracheobronchial 
tree model under the supervision of an instructor. 
They aimed to locate and demonstrate the carina and 
the main and lobar bronchi. They then advanced the 
fibrescope further down the airway to examine the 
representations of the segmental bronchi. Instructors 
emphasized the importance of keeping the fibrescope 
tip in the centre of the airway and moving it in the 
desired direction by using a combination of 
deflection control lever movements and axial rotation 
of the instrument. The fibrescope insertion tube was 
Kept fully extended to prevent its bowing. This 
helped produce effective axial rotation; otherwise, 
the bow tended to neutralize this movement. 

‘Trainees in the traditional group used the fibre- 
scope in the conventional manner, relinquishing the 
eyepiece from time to time, to enable the instructor 
to observe and comment. Trainees in the video 
group practised with the endoscopic camera attached 
to the eyepiece so that both trainee and instructor 
could observe practice continuously. Instructors 
gave practical advice and guidance as necessary. As 
an additional exercise, only possible in the video 
group, instructors asked trainees to direct the 
fibrescope into specific segmental bronchi observed 
on the television screen. They selected those airways 
in which intubation was possible only after complex 
manipulations of the fibrescope, including rotational 
movements. 

A minimum of 30 min was spent on the bron- 
choscopy model initially and trainees had the option 
of returning to it during subsequent stages, if 
necessary. 


Stage 3—Endoscoptes 

During the third stage, trainees performed rhin- 
oscopy, pharyngoscopy and laryngoscopy in 
anaesthetized, ASA group I or II patients (ages 
16~70 yr) requiring mainly elective general or Ear, 
Nose and Throat surgery for which the trachea had 
been intubated. Patients were anaesthetized with 
glycopyrronium, fentanyl, propofol and atracurium. 
The airway was secured with an oral tracheal tube, 
usually size 8mm for males and size 7mm for 
females, using a Macintosh laryngoscope. The lungs 
were ventilated with nitrous oxide and isoflurane in 
oxygen, using a Penlon 200 automatic ventilator 
attached to a Bain anaesthetic system. Tidal volume 
and minute volume were adjusted to maintain the 
expired carbon dioxide partial pressure at 
4.8-5.3 kPa. ECG, arterial pressure, arterial oxygen 
saturation and carbon dioxide concentrations were 
monitored. Arterial oxygen saturation was recorded 


at l-min intervals and a note was also made of the 
smallest value observed. 

A skilled anaesthetic assistant extended the 
patient’s cervical spine and displaced the mandible 
anteriorly with the mouth open. Initially, instructors 
demonstrated each endoscopy, with the trainees in 
the traditional group making intermittent observ- 
ations and those in the video group observing 
throughout the procedure. The primary goal was to 
maintain a clear view of all the anatomical features of 
the airway during the advancement of the fibrescope, 
by making controlled and co-ordinated manipul- 
ations of the tip. The trainee, therefore, conducted 
each endoscopy in the following manner. He ad- 
vanced the fibrescope tip approximately 1 cm into 
each nostril in turn, identified the septum, floor of 
the nose and inferior and middle turbinates and 
assessed the size of each nasal cavity. He then 
directed the fibrescope alongside or below the 
inferior turbinate of the most patent nasal passage. 
When the instrument reached the nasopharynx 
(where the axis of the airway made a right angled 
turn), contact with the posterior pharyngeal wall was 
avoided by deflecting the fibrescope tip anteriorly 
and making any rotational movements necessary to 
re-centralize the view at this point. After confirming 
an adequate separation between the soft palate and 
posterior pharyngeal wall, the trainee identified the 
uvula, tracheal tube and larynx, and manipulated the 
fibrescope anteriorly between one of the ary- 
epiglottic folds and the tube, thence towards the 
anterior aspect of the vocal cords. He passed the tip 
of the instrument between the vocal cords or, if this 
was not possible, to the level of the anterior 
commissure, to complete the endoscopy. The in- 
structor contributed practical advice, constructive 
criticism and further demonstrations to both groups 
of trainees as necessary. As difficulties occurred, 
instructor and trainee discussed practical solutions 
and how the difficulties could be avoided. A 
debriefing session followed each endoscopy, with the 
aid of the video tape recording of the procedure for 
video group trainees. 

The time taken to complete each endoscopy was 
recorded. Trainees aimed to complete five 
endoscopies, each in less than 60 s, before moving on 
to the next stage. Any endoscopy not completed 
within 6 min was deemed a failed endoscopy and 
abandoned. 


Stage 4—Intubations 


Trainees performed fibrescope-guided naso- 
tracheal] intubations on anaesthetized ASA I patients 
(aged 16-50 yr) undergoing elective oral surgery. 
Patients were non-obese, not expected to present 
difficult tracheal intubation and had no evidence of 
nasal obstruction. They were anaesthetized with 
glycopyrronium, fentanyl, propofol and atracurium 
and the lungs were ventilated manually with 
isoflurane in oxygen using a face mask attached to a 
Bain anaesthetic system. Trainees in the video 
group performed the first two intubations under 
video control. They then converted to the con- 
ventional technique, after a practice session on the 
mannikin to accustom themselves to the image seen 
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when looking directly into the fibrescope eyepiece. 
Both groups of trainees attempted five traditional 
fibreoptic nasotracheal intubations. If the trainee 
had not been able to direct the fibrescope into the 
trachea within 60s, the attempt was abandoned 
and deemed a failed intubation. The lungs were 
re-ventilated with isoflurane in oxygen and the 
intubation was carried out with a Macintosh 
laryngoscope. 

The two groups were compared using the 
Wilcoxon signed rank test. 


TABLE I. Age, status, years in anaesthesia and sex distribution of the 
two study groups (mean (SEM) [range] where applicable) 


Time in 
Age Professional anaesthesia Sex 
Group (yr) status (yr) (M/F) 
Traditional 37.9 (3.2) 4 Consultants 11.0 (3.4) 7/3 
(n = 10) [28-55] 3 Registrars [1-31] 
3 SHO 
Video 36.8 (3.8) 4 Consultants 10.8 (3.3) 6/4 
(n = 10) [27—63] 3 Registrars [1-30] 
3 SHO 
6 
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Fic. 1. Frequency histograms of number of endoscopies required 
during stage 3 (endoscopies), for traditional and CCTV groups. 
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Fic. 2. Frequency histograms of total endoscopy times required 
during stage 3 (endoscopies) for traditional and CCTV groups. 


RESULTS 


The two groups were similar in age, professional 
status, number of years in anaesthetic practice and 
gender (table I). 

Three hundred and thirty-five fibreoptic 
endoscopies and 120 fibreoptic intubations were 
performed by the 20 trainees. Frequency histograms 
of the number of endoscopies required and total 
endoscopy times required by the two groups during 
stage 3 of training are shown in figures 1 and 2. The 
video group required significantly fewer practice 
endoscopies, significantly less endoscopy time and 
had significantly fewer endoscopy failures than the 
traditional group (table II). 

The video group had a 100% success rate with 
the video-controlled intubations. There was no 
significant difference between the success rates for 
the traditional intubations between the video (90 %) 
and the traditional (92 %) group. 


TABLE II. Mean (SEM) [range] number of endoscopies, total 
endoscopy time and number of endoscopy fatlures tn the two study 
groups. *P < 0.05 compared with traditional group 


Total endoscopy 


Number of ume Number of failed 
Group endoscopies (min) endoscopies 
Traditional 21.8 (1.8) 63.1 (8.1) 3.9 (1.0) 
(n = 10) [13-29] [22.8—-96.6] [0-10] 
Video 11.7* (1.4) 21.5* (5.5) 0.8* (0.49) 
(n = 10) [8-23] [7.2—67.2] [0-5] 
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There were no significant changes in arterial 
oxygen saturation during the endoscopies and 
intubations. The smallest observed value of oxygen 
saturation was 96% during the endoscopies and 
94% during the intubations. 


DISCUSSION 


Fibreoptic airway endoscopy is a complex 
psychomotor skill involving interactions of per- 
ception, response selection and movement control. A 
key feature of this type of skill is that performance 
level can be greatly improved by deliberate practice 
[10]. The aim should be to achieve smooth and 
controlled fibrescope movements that produce a 
continuous view of all the features of the upper 
airway, without periods of obscured vision or 
disorientation. Continuity of direct vision is 
emphasized because ultimately it leads to consistency 
and efficiency and because complete familiarity with 
the endoscopic appearance of the normal airway is a 
prerequisite for successful clinical assessment of a 
difficult or pathological airway. 

Several training programmes have been intro- 
duced to help anaesthetists develop this high stan- 
dard of proficiency in a systematic way [4-7]. As an 
alternative to the “‘see one, do one” approach, 
Ovassapian and colleagues advocated a graduated 
training programme [8,12]. Initial practice on a 
bronchoscopy teaching model was followed by 
laryngoscopies on patients recovering from anaes- 
thesia, which in turn was followed by nasotracheal 
intubation in awake, sedated patients under topical 
anaesthesia. The concept that skills acquired with 
relatively simple models or simulators can, to 
some extent, be successfully transferred to the 
real-life situation is an important principle in 
education [13]. The more realistic the simulator is, 
the more valuable is the experience gained. Hence, 
the respiratory tracts of the cadaver and the anaes- 
thetized pig [14] have been evaluated and recom- 
mended as training models, as both appear to 
resemble closely the conditions encountered in 
clinical practice. 

After initial practice on an airway simulator, the 
next stage is practice on patients under local or 
general anaesthesia, or both. During the third part of 
Ovassapian’s programme, trainees had the oppor- 
tunity to perform fibreoptic nasotracheal intubations 
in awake patients presenting for elective oral surgery. 
This technique undoubtedly provides good practice 
conditions but, at present, the number of centres in 
which awake intubations are performed routinely is 
limited. As an alternative, practice in ENT out- 
patients [15] or in patients undergoing diagnostic 
bronchoscopy under local anaesthesia [3,16] has 
recently been proposed. 

General anaesthesia may also provide satisfactory 
conditions for fibreoptic training. Endoscopies can 
be performed on apnoeic patients, on patients 
breathing spontaneously or on patients receiving 
mechanical ventilation of the lungs after tracheal 
intubation. When trainees practise with apnoeic 
patients, it is mandatory that hypoxia does not occur. 
Ideally, early endoscopy practice should be un- 


hurried and unpressurized if accurate and enduring 
motor skills are to be assimilated. However, in one 
study of orotracheal fibreoptic intubation [17], four 
resident anaesthetists were successfully trained with 
hyperventilated, preoxygenated, apnoeic patients. A 
total of 91 intubations was performed and, although 
there was a decrease in oxygen saturation in some 
patients, it was never to less than 95%. The use of a 
teaching adapter probably made a significant con- 
tribution to the achievements of the trainees in this 
trial. There is no information on whether such 
satisfactory results would be possible without this 
aid. 

Unfortunately, in a wider review of this method of 
teaching [18], it was apparent that a small number of 
obese patients rapidly become desaturated and 
needed emergency reoxygenation. Because of anxiety 
about this attendant risk in apnoeic patients, an 
anaesthetic technique involving spontaneous ven- 
tilation has been suggested [7]. It uses an oro- 
pharyngeal Guedel airway with a Nosworthy 
chimney attached to an anaesthetic breathing system 
that assists in airway maintenance and allows 
ventilation to be controlled if necessary. Trainees are 
then free to perform nasotracheal endoscopy fol- 
lowed by fibrescope-guided intubation (after the 
administration of suxamethonium). The advisability 
of allowing upper respiratory tract interventions by 
inexperienced personnel in patients under deep 
halothane anaesthesia without a secure and protected 
airway may be questioned. Concern has been 
expressed recently about a report that oxygen 
desaturation, airway obstruction, hypoventilation, 
laryngeal spasm, hypotension, bradycardia and other 
complications occurred when investigators used a 
similar anaesthetic technique [19, 20], although they 
elected not to use neuromuscular block for the last 
part of the procedure. We have described a graduated 
training programme designed to avoid the possibility 
of inadequate ventilation of the lungs and car- 
diovascular depression. The process of fibreoptic 
intubation is subdivided into the elements of en- 
doscopy and intubation. Initially, fibreoptic en- 
doscopy is practised on intubated, ventilated patients 
under light anaesthesia with stable cardiovascular 
and respiratory physiology. Trainees are required to 
demonstrate considerable expertise in endoscopy 
before embarking on fibrescope-guided intubations 
of apnoeic patients. 

One of the main problems of traditional fibreoptic 
training is that only one person can visualize the 
procedure at any moment. Hence, trainees cannot 
follow the instructor’s demonstrations and the 
instructor cannot respond effectively to the trainee’s 
difficulties. Verbal guidance in this context is poorly 
targeted and imprecise. As a result, novices learn 
largely by a process of trial and error and can easily 
become discouraged because of lack of progress. 
Figure 3 shows the progress record of a typical 
member of the traditional group. During the first 
stage of motor learning, the verbal-cognitive stage 
[21], the main concern is to understand what needs 
to be done and to decide which is the best way to do 
it. Early endoscopies are protracted and there are 
several ‘‘failures”’ as he experiments with different 
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Fic. 3. Progress records of typical traditional group trainee and typical CCTV group trainee during stage 3 
(endoscopies). 


strategies. After 10 to 12 endoscopies, this particular 
trainee has solved many of the cognitive problems 
and appears to have mastered a satisfactory tech- 
nique. As the trainee passes through the second stage 
of learning, the motor stage, better movement 
patterns are developed to produce the desired 
actions. Advancement is now more rapid as efficiency 
and consistency improve. 

The CCTV system, used in the way we have 
described, appears to double the rate of acquisition 
of fibreoptic intubation skills. It does this by enabling 
the instructor to make a more positive and direct 
teaching contribution; in particular, it facilitates 
demonstrations and feedback [22]. Video demonstra- 
tions transmit practical skill information far more 
easily than verbal descriptions. Extrinsic feedback is 
information provided (fed back) by the instructor to 
the trainee, in response to practice activities. It 
enables errors to be detected accurately and corrected 
quickly and difficulties to be discussed and resolved. 
‘Trainees in the video group usually pass through a 
very short verbal-cognitive stage. Typically, they 
grasp the essential rules and strategies during the 
initial session conducted on the airway model and, 
with this background, soon begin to organize 
competent movement patterns. Figure 3 also shows 
the progress record of a typical member of the video 
group. By the time trainees start endoscopy practice 
with patients, they are already well into the process 
of consolidating motor skills. Few protracted 
endoscopies are observed and the rehearsal of faulty 
and ineffectual strategies is kept to a minimum. As 
proficiency improves, however, it is important that 


the instructor does not overdo feedback guidance, as 
it is known to possess dependence-inducing proper- 
ties [10]. The aim should be to allow trainees to 
develop their own error detection capabilities and 
intrinsic feedback, so that they can perform in- 
dependently. Thus extrinsic feedback should be 
faded and then stopped with advancing skill. In this 
regard, it might be advantageous for trainees to 
change to traditional endoscopy practice earlier than 
in the design of this study, for example, as soon as 
they are consistently completing endoscopies in less 
than 2 min. 

The third stage of motor learning is the auton- 
omous stage, which is characterized by refined, 
automatic movements that demand little attention. 
This stage develops slowly and requires a great deal 
of practice. Perhaps several hundred endoscopies/ 
intubations under the most favourable conditions are 
necessary before automatic action patterns emerge. 
At the end of this clinical investigation, the trainees 
had certainly not achieved this level of expertise. 
However, they had reached a safe, intermediate level 
of ability. They are now in a good position to 
improve and extend their skills by using the 
fibreoptic laryngoscope as an alternative to the 
Macintosh laryngoscope in suitable routine patients, 
provided they continue to receive appropriate super- 
vision and audit review. 
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RESPIRATORY SINUS ARRHYTHMIA: AN INDEX OF LIGHT 


ANAESTHESIA 


C. J. D. POMFRETT, J. R. BARRIE AND T. E. J. HEALY 


SUMMARY 


This study was designed to test if changes in the 
degree of respiratory sinus arrhythmia (RSA) can 
be used as an index of light anaesthesia. An on-line, 
real-time data logging system was used to record 
simultaneously the EEG and ECG waveforms from 
70 patients undergoing routine surgery using i.v. 
propofol (Diprivan) anaesthesia. The degree of 
RSA was determined in real-time. The median 
frequency of the EEG was derived off-line and 
correlated with the degree of RSA. Time series 
analysis was performed on the derived indices off- 
line. Significant changes in the degree of RSA 
occurred in response to changes in propofol 
infusion in all patients; these changes corresponded 
also to changes in the median frequency of the 
EEG. Heart rate and ventilatory frequency are 
measured routinely during surgery and it Is sug- 
gested that on-line monitoring of RSA, derived 
from these standard signals, provides a more 
convenient and objective index of lightening an- 
aesthesia than either EEG analysis or classical 
estimates of anaesthetic depth based on arterial 
pressure or heart rate. (Br. J. Anaesth. 1993; 71: 
212-217) 


KEY WORDS 


Anaesthesia: depth. Heart: heart rate variability, electro- 
cardiography. 


Established, subjective assessments of anaesthetic 
depth such as the pupillary light reflex, lachrym- 
ation, sweating and movement are suppressed by 
modern neuromuscular blocking drugs and opioid 
analgesics. Attempts have been made, therefore, to 
develop an objective, reliable index of anaesthetic 
depth in order to ensure that inadvertent awareness 
does not occur during surgery as a result of 
inadequate anaesthesia [1—4]. Several putative in- 
dices have been proposed, including derived indices 
of the EEG, auditory evoked potentials (AEP), the 
frontalis electromyogram (FEMG), and lower oeso- 
phageal contractility (LOC). Each method relies on 
opening a window on activity in the brain by 
measuring the effect of anaesthetic agents on 
different sensory or motor pathways. However, none 
of these methods has achieved wide acceptance by 
anaesthetists: for example, EEG equipment is com- 
plex, costly and may be subject to artefact from 


common procedures such as diathermy, and EMG 
signals are suppressed by large doses of neuro- 
muscular blocking agents. 

Other aspects of central nervous activity have not 
been studied extensively during anaesthesia. Res- 
piratory sinus arrhythmia (RSA), a non-pathological 
variation in heart rate with breathing, has been used 
as a method of screening diabetic patients exhibiting 
autonomic neuropathy [5]. The degree of RSA 
reflects the parasympathetic tone present as in- 
hibition of the heart by the vagus, and is mediated by 
activity in the brainstem. One off-line study during 
isoflurane anaesthesia has suggested that on-line 
monitoring of RSA may provide an index of 
anaesthetic level [6]. We have demonstrated already 
that changes in the degree of RSA during recovery 
from isoflurane anaesthesia reflect wakening in 
all paralysed patients undergoing mechanical 
ventilation of the lungs [7]. Spectral analysis of heart 
rate variability during propofol induction has 
demonstrated that RSA diminishes during anaes- 
thesia [8]. Measurements of heart rate variability are 
particularly suited to routine use in the operating 
theatre, as minimal additional instrumentation is 
required, in contrast with techniques based around 
the auditory evoked potential or EEG recording. 

Aithough it has been demonstrated that patients 
can be awakened ethically immediately after in- 
duction of anaesthesia, but before surgery com- 
mences [9], it is clearly not feasible to rouse patients 
deliberately during the course of potentially painful 
surgical procedures in order to test the effectiveness 
of putative warnings of light anaesthesia. However, 
it is possible to record accurately the times of events 
known to reduce anaesthetic depth, such as incision 
or accidental removal of an anaesthetic agent, at the 
same time as recording established indices of an- 
aesthetic depth. The objective of this study was to 
test if RSA could give a warning of impending light 
anaesthesia during propofol anaesthesia. 


PATIENTS AND METHODS 


We examined 10 female ASA I patients undergoing 
elective gynaecological surgery under general an- 
aesthesia (mean age 34.4 yr, range 30-45 yr; mean 
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weight 65.1 kg, range 42-91 kg). Each patient gave 
informed, written consent to the study, which was 
approved by the local Ethics Committee. 

The equipment used for this study has been 
described briefly elsewhere [10]. Ventilatory flow 
was recorded using a Magtrak turbine (Ferraris 
Medical Ltd). Electrocardiogram (ECG) and venti- 
latory flow data were collected using a Digitimer 
Neurolog system, 12-bit digitized at 1-KHz sam- 
pling frequency (Cambridge Electronic Design 
1401), and analysed on-line, in real-time by a 32-bit 
reduced instruction set microcomputer (Acorn 
Archimedes) using multitasking software developed 
by us for this study. Data acquisition was un- 
interrupted by analysis or display of results. Patients 
were requested to breathe into a face mask attached 
to the ventilatory flow meter for 5 min before 
anaesthesia while their ECG was monitored. This 
allowed baseline RSA to be recorded. 

Patients were premedicated with temazepam 
20mg 90 min before operation. Infusion rates of 
propofol and notes made by the anaesthetist were 
logged into an event-marking database, so that 
precise event timing could be examined off-line. The 
anaesthetic technique was similar to that described 
elsewhere [11]. Anaesthesia was induced with 
propofol (2.5 mg kg bolus) and maintained with 
66 % nitrous oxide in oxygen, fentanyl 3 pg kg“ and 
a continuous infusion of propofol (10 mg kg! h~! for 
the first 10 min then 8 mg kg? h“ for 10 min and 
6 mg kg‘ h~ for subsequent anaesthesia). The doses 
of propofol and fentanyl were increased when light 
anaesthesia was detected by the anaesthetist during 
surgery. Vecuronium 0.1 mg kg“ was used to pro- 
vide neuromuscular block in all patients during 
controlled ventilation. Measurements were collected 
continuously with brief interruptions at tracheal 
intubation and transfer of the patient from the 
anaesthetic room to the operating theatre, and 
occasional archiving of data from fixed disc to 
tapestreamer. Data were collected until patients 
opened their eyes or moved in response to spoken 
commands. The trachea was then extubated. Re- 
sidual neuromuscular block was antagonized with 
neostigmine and glycopyrronium. 

EEG recording was used to provide an objective 
estimate of anaesthetic level. Silver—silver chloride 
cup electrodes were attached to skin treated with a 
preparatory paste (Omni-Prep, Weaver & Co.) using 
electrode adhesive (Ten 20, Weaver & Co.). Frontal 
(F,) and mastoid locations were chosen, with a 
shoulder ground, as these positions resulted in 
minimal delay to the normal function of the 
anaesthetic room. Electrode impedance was 
maintained at less than 5 KQ throughout the pro- 
cedure. The electrodes were attached to isolated 
preamplifiers (Digitimer Neurolog) and subject to 
analog bandpass filtering (0.1-50 Hz). The EEG was 
sampled with 1-KHz -and 12-bit digitization. 
Software developed for the study performed a fast 
Fourier transform on 6-s epochs of the sampled 
EEG (2048 points) and derived a spectral array for 
each epoch. Compressed spectral arrays, median and 
edge frequencies could be derived from these data 
off-line. 
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An anaesthetic gas analyser (Datex, Capnomac 
Ultima-1) was used to allow standardized end-tidal 
concentrations of nitrous oxide and carbon dioxide 
to be maintained. Paper traces of trended systolic 
pressure and arterial oxygen saturation were 
obtained from theatre monitors. No computerized 
arterial pressure or oxygen saturation records were 
collected and so no statistical analysis of these indices 
was possible. 


Statistical analysts 


Circular statistical analysis of the ECG and 
ventilation was performed in order to derive the 
degree of RSA [12]. R-waves were extracted from 
the ECG using amplitude discrimination and plotted 
relative to their time on a normalized unit ventilatory 
waveform on-line and in real-time. The degree of 
clustering about this unit waveform was assessed 
using circular statistics whereby each ECG R-wave 
was resolved as a vector with an amplitude of 1 and 
an angle representing the position of the ECG R- 
wave within the ventilatory cycle. The mean vector 
length (R) was calculated at 1-min intervals, and 
presented as a number ranging from 0 to l, 
depending on the degree of RSA. R for each sample 
was presented as a graph against time on-line to 
anaesthetic staff in the operating theatre, and all raw 
data were archived. Changes in RSA were indicated 
as changes in the value of R. Significant differences 
from previous techniques used to measure RSA 
based on circular statistics [13] were that the unit 
ventilatory waveform was normalized on-line from 
breath to breath with R, and ventilatory events 
determined in real-time over consecutive minutes 
under the control of the anaesthetist. Measurements 
could then be made on subjects breathing spon- 
taneously or undergoing controlled ventilation, with- 
out the necessity for a standard breathing frequency 
or heart rate. 

Rayleigh’s test for randomness was applied to data 
on-line. Increases in R to greater than the test 
statistic for Rayleigh’s test (P = 0.05) showed that 
the change in the degree of RSA was significant. The 
test statistic was calculated from the number of ECG 
R-waves in a sampling epoch, and was presented on- 
line on a graph as a red line, with R shown as a green 
line on the same axes. It was, therefore, easy for the 
anaesthetic staff to see if a significant change in R had 
occurred during the most recent epochs of data 
collection. 

In order to compare EEG and RSA data, 
smoothing was performed on each time series using 
appropriate, mon-seasonal linear or exponential 
models. Autocorrelation was performed on residuals 
from the fitted data in order to ensure that ap- 
propriate models had been applied. AutoRegressive 
Integrated Moving Average (ARIMA) analysis was 
performed off-line on time series R data before and 
after interventions in the time series caused by 
changes in propofol infusion rate or other events 
noted by the anaesthetist. Control charts were 
prepared and significant variations in the degree of 
RSA from predicted ARIMA models were noted 
(P < 0.01). Analysis was performed using a standard 
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Fic. 1. Representative time courses of mean ECG R-R interval, median frequency of the EEG, arterial pressure, (AP) 
respiratory sinus arrhythmia (RSA index) and sp from the mean ECG R-R interval during anaesthesia. Symbol © 


denotes events. A Events: 1 = propofol induction; 2 = vecuronium; 3 = incision; 4 = propofol 8 mg kg’ h™1; 5 = 


fentanyl; 6 = propofol off; 7 = propofol 6 mg kg™ h71; 8 = propofol off; 9 = propofol 6 mg kg™ ht; 10 = increase in 
heart rate noted by anaesthetist; 11 = 40-mg bolus of propofol; 12 = closing stitches; 13 = propofol off. B Events: 
1 = start record; 2 = eyes closed; 3 = start propofol induction; 4 = 50-mg propofol bolus; 5 = intubation; 6 = 
ventilator on; 7 = complete transfer to operating theatre; 8 = propofol 10 mg kg™! h7}; 9 = incision; 10 = observation 
from surgeon: “muscle tone”; 11 = tracheal tube cleared; 12 = propofol off; 13 = propofol on; 14 = suction to clear 
airway; 15 = reconnect tracheal tube; 16 = 20-mg propofol bolus; 17 = propofol 8 mg kg7! ht; 18 = disconnection 
of airway; 19 = reconnect airway; 20 = aminophylline given in response to bronchospasm; 21 = propofol cannula 
cleared; 22 = propofol 6 mg kg h™!; 23 = propofol off; 24 = propofol on; 25 = propofol 6mgkg?h™?; 26 = 
surgeon stitching; 27 = propofol off; 28 = stitching completed; 29 = clearing airway; 30 = eyes opened. 


statistical package [14] running on an AT-compatible 
personal computer. 


RESULTS 


No patient had explicit recall of intraoperative 
events. Representative time series of R and the 
median REG frequency are shown in figure 1. We 
observed increases in the degree of RSA recorded 
on-line when anaesthesia was discontinued for more 
than 1 min in all 10 patients. This increase in RSA 
was accompanied by a corresponding increase in 
median EEG frequency whenever the median fre- 
quency was originally less than 10 Hz. We suggest, 
therefore, that increases in the degree of RSA 
accompany lightening of propofol anaesthesia. In 
addition, a slower reduction in the degree of RSA 
was observed in all patients on deepening anaes- 
thesia, which was accompanied also by a corre- 
sponding reduction in the median frequency of the 
EEG. We observed that the changes in the degree of 
RSA always preceded changes in the EEG. 
Off-line ARIMA modelling of R showed it to 
increase significantly from predicted values in all 


patients when anaesthesia lightened after the 
propofol infusion was discontinued (P < 0,01). An 
example of this increase in R seen during an 
inadvertent interruption of the propofol infusion is 
shown in figure 2 (data of figure 2 were extracted 
from the same record as figure 1a). The anaesthetist 
recharged the propofol syringe, but did not switch 
the infusion pump back on until 4 min 11s had 
elapsed, when it was realized that the pump was off. 
R increased rapidly and was detected on-line. There 
was also an increase in heart rate (from 73 to 83 
beat min“), but no other clinical signs of light 
anaesthesia were noted before i.v. anaesthesia was 
recommenced (fig. 1A, events 6-7). Off-line ARIMA 
analysis showed that R exceeded the 99 % confidence 
limits for the predicted behaviour of R based on its 
behaviour over the previous 15 min and this was, 
therefore, a very significant increase in the degree of 
RSA (fig. 2A). The median frequency of the EEG 
was variable but increased from around 7 Hz to 9 Hz 
over the same time course. The propofol syringe was 
recharged again 25 min later, but this time the 
infusion pump was switched back on only 31 s after 
it was switched off. R did not increase significantly in 
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Fic. 2. Time course of changing respiratory sinus arrhythmia 
(RSA index) (~~) and median EEG frequency (——-) during 
transient interruption of anaesthetic infusion: detailed extracts 
from figure 1A, with additional ARIMA control data. a: Effect 
of a 4-min interruption in propofol infusion because of inadvertent 
failure to switch the propofol syringe pump on for 4 min after 
recharging the propofol supply. Note the large increase in RSA 
index (R) which clearly exceeds the 99 % confidence limits (——) 
predicted for the behaviour of R, based on the previous 15 min of 
data. B: More normal, non-significant change in R associated 
with a 31-s interruption in propofol infusion. ~~—- = predicted R 
(ARIMA analysis). 


response to such a short interruption in the propofol 
infusion (fig. 2B). The median frequency of the EEG 
similarly did not increase in response to this brief 
cessation of anaesthesia. 

In addition, R increased significantly in two 
patients on incision. These patients were subse- 
quently shown to have high median EEG frequencies 
in response to incision (> 8 Hz), which suggests that 
they were lightly anaesthetized. 

Figure 3 shows the results from analysis of 
grouped data from all 10 patients. Two 1-min 
samples (four 30-s data points) were taken from the 
time series data, with a l-min delay (two 30-s data 
points) after a change in anaesthetic level, to allow 
the anaesthetic to take effect. There was clearly a 
trend in the mean R values whereby increasing levels 
of anaesthesia resulted in smaller values of R. No 
such trend was visible in the grouped median ERG 
frequency data. Neither the median frequency EEG 
nor the R data exhibited a normal distribution. Non- 
parametric statistics (Wilcoxon rank sum) were used, 
therefore, to determine if there was a significant 
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FIG. 3. Bar graph showing group data analysis from 10 patients in 
this study. Each bar represents the mean (SEM) for 2-min samples 
of RSA index and median frequency of the EEG, taken 1 min after 
each event. The 1-min delay before sampling was chosen to allow 
ume for the change in drug concentration to take effect. Pre. = 
Before induction; Cut = incision; Rec. = recovery. Significant 
differences compared with recovery: *P < 0.05; **P < 0.01 (non- 
parametric tests). 


difference between the distribution of the samples 
from the different levels of anaesthesia. These 
statistics were used after reference to an earlier study 
to test the effectiveness of measuring anaesthetic 
level using lower oesophageal contractility [9]. In 
this previous study, the investigators had awakened 
patients after induction, and they compared lower 
oesophageal contractility before and after recovery. 
We also, therefore, compared values of R and the 
median EEG frequency both before and after 
recovery, and additionally compared different levels 
of anaesthesia. We observed significant differences 
between R at all levels of anaesthesia compared with 
that after anaesthesia was discontinued (P < 0.01 
for propofol lOmgkg*h +, 8mgkg'th™ and 
6mgkg'th?; P<0.05 after induction and in- 
cision). We observed a significant difference between 
the median frequency of the EEG only at recovery 
and induction (P = 0.023), with no significant dif- 
ferences between other levels of anaesthesia and the 
recovery value. We also observed significant dif- 
ferences between both R (P = 0.032) and median 
EEG frequency (P = 0.021) on comparing samples 
taken before induction and after recovery from 
anaesthesia. 


DISCUSSION 


We suggest that on-line monitoring of RSA using 
the derived index, R, is a convenient new tool for the 
detection of light anaesthesia. We further suggest 
that detailed time series analysis of RSA on-line, 
which we are developing as a result of our off-line 
analysis presented here, provides an indicator of 
depth of anaesthesia. It has been suggested that 
changes in heart rate variability correlate with 
changes in the EEG during anaesthesia [15], one of 
the conclusions of that study being that cortical 
electrical activity and heart rate variability are 
probably controlled by the same, common sub- 
cortical influence of anaesthesia. RSA monitoring 
possesses several important advantages over EEG 
monitoring: RSA indices are derived from con- 
ventional, easily recorded, ECG and ventilatory 
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signals, whereas the EEG requires at least two scalp 
electrodes; EEG amplifiers are costly and EEG 
signals are of a low amplitude, making them 
susceptible to contamination by electrical artefacts 
introduced by other electrical apparatus including 
diathermy, whereas ECG signals are relatively large 
and easily screened from these artefacts; the latency 
of change in RSA on discontinuing anaesthesia 
appears consistently shorter than that seen in the 
EEG on discontinuing anaesthesia, resulting in a 
more rapid indication of potentially dangerous light 
anaesthesia. 

We noted that the median EEG frequency de- 
creased to less than 5 Hz only occasionally during 
higher levels of propofol anaesthesia (e.g. figure 1A 
induction and figure 1B 10 mg kgh. These 
values are greater but, after correction for the mean 
weight-related dosage given in our study, are still 
generally within 1 sp of the average median EEG 
frequency given in a prior study of propofol 
anaesthesia in seven volunteers reported by 
Schwilden [16]. From values quoted in the earlier 
study, we would have expected our EEG median 
frequencies to be: 5Hz+2Hz at 6.51 mg min’; 
3 Hz+2 Hz at 8.15 mg mint; and 2.5 Hz+0.5 Hz 
at 10.9 mg min. It is possible that the greater 
values of EEG median frequency in our study can be 
attributed to the presence of strong surgical stimu- 
lation. Our grouped EEG data frequencies (fig. 3) 
were considerably greater than the frequencies 
reported by Schwilden, with the only significant 
differences between dosages based on the median 
frequency of the EEG being those between recovery 
and induction and pre-induction values. The reason 
for this is the long latency, of about 3 min, between 
changes in anaesthetic level causing a change in the 
median EEG frequency. For the grouped analysis, 
we extracted samples from the median EEG and the 
R records with epochs of 2 min, beginning 1 min 
after the change in depth of anaesthesia. With these 
epochs, the level of R clearly changed significantly, 
but the median frequency of the EEG did not 
change. This result suggests that circular statistical 
determination of respiratory sinus arrhythmia 
responds to changes in the depth of propofol 
anaesthesia faster than the median frequency of the 
EEG. 

Any study using the median frequency of the EEG 
during anaesthesia is limited by delays in the effect of 
anaesthetic agents, either on the cerebral cortex, or 
on ascending pathways mediating activation of the 
thousands of pyramidal neurones, the combined 
activity of which is recorded at the scalp as the EEG. 
Any fast-Fourier transform-based acquisition sys- 
tem requires a reasonable time in which to process 
the raw EEG data, and this imposes a further delay 
on the temporal resolution of the system. In contrast, 
circular statistical analysis of RSA, as performed in 
this study, requires only a 30-s epoch to give 
immediate indications of activity from vagal output 
of the nucleus solitarius of the brainstem. Studies on 
the time-course of propofol uptake in the brainstem 
in contrast to uptake in the higher cerebral centres 
have yet to be performed, but it seems reasonable to 
propose that a fundamental, brainstem-mediated 
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ventilatory reflex (respiratory sinus arrhythmia) is 
affected by anaesthetic agents more rapidly than the 
cortical EEG. 

RSA has been distinguished clearly from lower 
frequency baroreceptor reflexes by the use of spectral 
analysis of heart rate variability [8]. We were unable 
to compare the effect of gross changes in arterial 
pressure statistically against RSA, but we suggest 
that these effects would be most pronounced in the 
medium or low frequency components of heart rate 
variability, which are not detected using circular 
statistical analysis, as this specifically identifies the 
RSA component of heart rate variability. This 
suggestion is supported by visual inspection of our 
arterial pressure records in comparison with RSA 
(fig. 1), in which there is clearly no clear correlation 
between RSA and arterial pressure, although it is 
expected that an increase in pressure associated with 
light anaesthesia may be accompanied by an increase 
in RSA. 

In order to develop a reliable indication of depth 
of anaesthesia, any putative technique has to meet 
several criteria [17]: the technique should indicate 
the stage during light anaesthesia that precedes 
conscious awareness and, preferably, overt clinical 
responses; the output should reflect increasing and 
decreasing concentrations of anaesthetic and be 
sensitive to stimuli presented to the patient, of which 
surgical stimulus is the most important; the method 
should have a high temporal resolution; it should be 
capable of staging the depth of anaesthesia. Our on- 
line monitor of RSA currently meets three of these 
four criteria: it is capable of reliably detecting the 
transition to and from light anaesthesia; it detects 
the arousal present in lightly anaesthetized patients 
as a result of surgical stimulation; it has a temporal 
resolution of 30s which, with appropriate window- 
ing techniques, has been reduced off-line to 6 s. Off- 
line ARIMA analysis has allowed us to stage the 
depth of anaesthesia and hence meet the fourth 
criterion, which we are presently implementing in 
an on-line monitoring system. One further advantage 
of the present system is that the simple, two-line 
display is easily understood by theatre staff and 
needs no calibration between patients. 

It is necessary to examine changes in many 
hundreds of patients under different anaesthetic 
regimes in order to validate RSA as a method for 
warning of light anaesthesia and, ultimately, as a 
method of determining the depth of anaesthesia. In 
addition to propofol, we have now studied the effects 
of three other i.v. anaesthetics (etomidate, thio- 
pentone and methohexitone) and the volatile agents 
isoflurane, halothane and enflurane, and will report 
the characteristics of the changes in RSA in other 
communications [7 and in preparation]. We are also 
investigating the effects of drugs such as atropine on 
RSA, which were not used in this study. Other 
research suggests that pharmacological doses of 
atropine, as used routinely at reversal of paralysis, do 
not abolish RSA [18]. 

The implications of on-line RSA monitoring for 
automated drug delivery have already been discussed 
with reference to agents acting on the para- 
sympathetic nervous system [19]. The fast response 
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time of changes in RSA on changing concentrations 
of i.v. propofol shown in the present study suggest 
that it would be suitable as a technique for the 
automated control of i.v. anaesthetic agents, as these 
drugs have a rapid effect which needs fast, responsive 
and accurate physiological feedback in order to 
control an integrated delivery system, whereas 
volatile anaesthetic agents have a slower recovery 
time. 
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NATURAL KILLER CELL ACTIVITY AND LYMPHOCYTE 
SUBPOPULATIONS DURING DOBUTAMINE INFUSION IN MAN 


Y. NOMOTO, H. JHONOKOSI AND S. KARASAWA 


SUMMARY 


We have studied the effects of dobutamine on 
natural killer (NK) cell activity and the distribution 
of lymphocyte subpopulations in peripheral blood 
in 16 patients under general anaesthesia. Patients 
were allocated to receive either dobutamine (n = 9) 
or isotonic saline (n = 7) for 30 min. There was a 
significant decrease in the ratio of T-helper/inducer 
cells (CD4) to T-suppressor/cytotoxic cells (CD8) 
in all patients after induction of anaesthesia. 
Dobutamine infusion induced an increase in NK cell 
activity, accompanied by a selective increase in 
circulating NK cells. However, compared with 
preinfusion values, CD4:CD8 cell ratio did not 
change during and after dobutamine infusion. In 
the isotonic saline group, NK cell activity and 
CD4:CD8 cell ratio remained unchanged. These 
results suggest that dobutamine induced an in- 
crease in NK cell activity and alterations in lym- 
phocyte subpopulations. (Br. J. Anaesth. 1993; 71: 
218-221) 
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NK lymphocytes are a subset of lymphocytes 
exerting spontaneous cytotoxicity against a variety of 
tumour cells. NK cells have been shown in mice to 
play a role in primary immune defence against 
tumour formation and defence against metastatic 
spread of tumours. Human NK lymphocytes have 
been identified and shown to be cytotoxic to human 
tumour target cells in utro [1]. 

NK cell activity is enhanced after premedication 
and during anaesthesia and surgery [2], followed by 
a reduction for 3-6 days after major surgery [3, 4]. 

Several studies have shown that administration of 
adrenaline to human subjects produces an increase in 
NK cell activity [5]. This change is prevented by 
simultaneous incubation with the beta-adrenoceptor 
antagonist, propranolol [6]. It has been suggested 
that adrenaline pretreatment enhances NK cell 
activity via lymphocyte beta-adrenoceptors. There 
have been no reports to date on NK cell activity after 
administration of dobutamine to human subjects. 


PATIENTS AND METHODS 


With local Ethics Committee approval and informed 
patient consent, we studied 16 adult patients with 


lumbar disc herniation undergoing elective partial 
laminectomy. The patients were otherwise healthy 
with normal cardiac, renal and hepatic functions; 
none had endocrine disorders and none was receiving 
any medications. The patients were allocated 
randomly to receive either dobutamine (n = 9) or 
isotonic saline (n = 7) (table I). 

Premedication and general anaesthesia were ident- 
ical for all patients: premedication comprised 
atropine 0.5 mg and hydroxyzine 50mgi.m. 1h 
before operation; anaesthesia was induced with 
thiopentone 5 mg kg™ and intubation was performed 
after administration of vecuronium 0.16 mg kg™. 
Anaesthesia was maintained by artificial ventilation 
with enflurane and 66 % nitrous oxide in oxygen. In 
all patients, i.v. infusions during surgery were 
restricted to Ringer lactate solution at a rate of 
10 ml kg? during the first 1h and thereafter at 
2—4 ml kg~ h. 

After steady-state conditions were established, the 
patients were allocated randomly to two groups to 
receive a continuous i.v. infusion of either dobut- 
amine 5 ug kg! min™t or isotonic saline, for 30 min. 


TABLE I. Patient data (mean (range or SD)) 


Group | Group 2 
(dobutamine) (isotonic saline) 
No. patients 9 7 
Sex (M/F) 7/2 6/1 
Age (yr) 25 (16-45) 29 (20-43) 
Weight (kg) 66 (9) 63 (10) 
Duration of op. (min) 146 (48) 163 (55) 


TABLE II. Schedule of blood sampling 


Sample 

No. Sampling time 
1 Before induction of anaesthesia 
2 Before infusion of dobutamine or isotonic saline 
3 15 min after beginning of infusion 
4 30 min after beginning of infusion 
5 30 min after stopping infusion 
6 90 min after stopping infusion 
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Fic. 1. Individual changes in NK cell activity expressed as % cytotoxicity before, during and after infusion of 

dobutamine or isotonic saline. Shaded area represents period of infusion. Sample Nos: 1 = Before induction; 2 = 

before infusion; 3, 4 = 15, 30 min after beginning of infusion; 5, 6 = 30, 90 min after stopping infusion. P < 0.05: 
+compared with sample 1; *compared with sample 2. 


Haemorrhage did not exceed 200 ml and blood 
substitutes or sympathomimetic agents were not 
required. 

Arterial blood samples were obtained as shown in 
table II, for measurement of NK cell activity, 
distribution of lymphocyte subpopulations, blood 
leucocyte counts and measurement of serum cortisol, 
plasma adrenaline and noradrenaline concentrations. 
Plasma adrenaline and noradrenaline concentrations 
were measured by high pressure liquid chromato- 
graphy, serum cortisol by radioimmunoassay. 

The pan T-cell population (CD3) was measured 
with Leu4 antibody, the T-helper/inducer cells 
(CD4) with Leu3a antibody, the T-suppressor/ 
cytotoxic cells (CD8) with Leu2a antibody and 
NK cells (CD16) with Leull antibody (Becton 
Dickinson Monoclonal Center, Mountain View, CA, 
U.S.A.) using flow cytometry (Ortho Spectrum ITI, 
Ortho Diagnostic Systems Inc.). 

NK cell activity was measured against K-562 
target cells in a chromium-51 release assay. Five 
x 10° 51Cr-labelled target cells of the human erythro- 
leukaemic cell line K562 were mixed with different 
concentrations of mononuclear cells from patients, 
for use as effector cells, to obtain effector to target 
cell ratios 100:1, 50:1, 25:1 and 12:1. Cell 
suspensions were incubated at 37 °C in humidified 
air and 5% carbon dioxide for 4 h. After incubation, 
the radioactivity of 100 ul of the cell-free supernatant 
was counted with an automatic well-type gamma 
counter. Percentage cytotoxicity was computed from 
the formula: 


% cytotoxicity = 
(experimental release — spontaneous release) 


x 100 
(maximum release — spontaneous release) 


Spontaneous chromium-51 release was measured 
by incubating target cells with assay medium, and 
maximum release was measured by incubating target 
cells in water containing 5% sodium sulphate. 

Data are expressed as mean (Sp). Statistical 
analyses were performed using the Wilcoxon test. 
The level of significance was defined as P < 0.05. 


RESULTS 


There was no difference in age, weight or duration of 
surgery between the two groups (table I). 

Individual changes in NK cell activity before, 
during and after infusion of dobutamine or isotonic 
saline are shown in figure 1. 

A significant increase in NK cell cytotoxicity 
occurred throughout the infusion of dobutamine, 
and this returned to pre-infusion values 30 min after 
completing infusion. In the control group, NK cell 
cytotoxicity did not change significantly during and 
after the infusion. After induction of anaesthesia, a 
small but significant increase in NK cell cytotoxicity 
occurred in both groups. 

The numbers of circulating leucocytes, 
lymphocytes and the pan T-cells (CD3) and NK 
cells (CD16) are shown in figure 2. In the 
dobutamine group, absolute leucocytosis and 
lymphocytosis occurred. The pan T-cells showed no 
significant change, but the number of NK cells 
increased during and after the infusion of 
dobutamine. In the control groups, the number of 
NK cells did not change significantly. 

The ratio of CD4 and CD68 cells was significantly 
reduced after induction of anaesthesia in all patients 
(fig. 3). However, the ratio did not change during 
and after infusion of either dobutamine or saline. 

In both groups, serum cortisol, plasma adrenaline 
and noradrenaline concentrations did not change 
significantly throughout the study. 

In the dobutamine group, mean systolic arterial 
pressure increased from 110 mm Fig (range 
85-145 mm Hg) to a peak value of 130 mm Hg (range 
115-155 mm Hg) (P < 0.05), but there were no 
significant changes in diastolic arterial pressure. 
Heart rate also increased, from 73 to 85 beat min`t, 
in the dobutamine group. In the isotonic saline 
group, neither arterial pressure nor heart rate 
changed significantly during the study. 


DISCUSSION 


We have found that dobutamine selectively increased 
NK cell activity and increased the absolute number 
of circulating NK cells in vivo. 
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Fic. 2. Number of circulating lymphocytes: pan T cells (CD3) and NK cells (CD16) before, during and after infusion 
of dobutamine (O), or isotonic saline (@). Shaded area represents period of infusion. Sample Nos as in figure 1. 
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represents period of infusion. Sample Nos as in figure 1. tP < 0.05 compared with sample 1. 


DOBUTAMINE AND NK CELL ACTIVITY 


This increase in NK cell activity was consistent 
with changes observed in other studies, after 
administration of adrenaline [5,6]. Tønnesen, 
Mickley and Grunnet observed that, after ad- 
ministration of adrenaline s.c. to healthy individuals, 
NK cell activity increased significantly within 
15-30 min [2]. It has been shown also that the 
percentage of NK cells in peripheral blood increased 
after administration of adrenaline [5]. This en- 
hancement of NK cell activity correlated with an 
increased number of circulating NK cells during 
operation. 

Dobutamine is a potent adrenergic agonist. There 
have been no reports describing NK cell activity 
after administration of dobutamine to humans. 
Circulating human lymphocytes possess a large 
number of beta-adrenoceptors [6], but the biological 
significance of this is unknown. 

Hellstrand demonstrated that adrenaline enhanced 
NK cell activity in vivo. The increased activity was 
prevented consistently by simultaneous incubation 
with the non-selective beta-adrenoceptor antagonist, 
propranolol [6]. Thus it may be assumed that 
adrenaline pretreatment enhanced NK cell activity 
via lymphocyte beta-adrenoceptors. Adrenaline- 
induced beta-adrenoceptor activation is believed to 
increase intracellular cAMP via the adenylate cyclase 
complex. Similar results have been obtained with 
prostaglandin E,, a potent inducer of intracellular 
cAMP [7], which was shown to enhance NK cell 
activity in low, physiological concentrations. 

Although the mechanism of lymphocyte release is 
not known, our data clearly demonstrate that 
dobutamine altered the distribution of circulating 
subsets. The rapid increase in NK cells may be 
explained by mobilization of mature NK cells from 
the extravascular space into the circulation or by 
differentiation of pre-NK cells to CD16 mature cells 
[2]. Adrenaline may cause this “mobilization” of 
lymphocytes directly, by activation of lymphoid 
adrenergic receptors, or indirectly, by activation of 
adrenergic receptors in other tissues. 

The human immune system is regulated, in part, 
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by interacting networks of helper/inducer (CD4) 
and suppressor/cytotoxic (CD8) T cells. The ratio 
of CD4 cells to CD8 cells, a commonly used indicator 
of immunoregulatory cell imbalance, was altered 
after induction of anaesthesia in our study. Although 
the absolute number of CD8 cells remained un- 
changed after induction of anaesthesia, the 
CD4:CD8 ratio declined because the absolute 
number of CD4 declined, but the CD4:CD8 ratio 
did not change after administration of dobutamine. 

Crary and others found a significant decrease in 
the CD4:CD8 ratio after administration of 
adrenaline [5]. These results are in contrast with our 
findings. 

We suggest that the NK cell regulatory effect of 
dobutamine may be mediated via beta- 
adrenoceptors, because it is consistent with the 
findings after administration of adrenaline in other 
studies. 
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TIME COURSE OF NEUROMUSCULAR EFFECTS AND 
PHARMACOKINETICS OF ROCURONIUM BROMIDE (ORG 9426) 
DURING ISOFLURANE ANAESTHESIA IN PATIENTS WITH AND 


WITHOUT RENAL FAILURE 


R. A. COOPER, V. R. MADDINENIT, R. K. MIRAKHOUR, J. M. K. H. WIERDA, 


M. BRADY AND K. T. J. FITZPATRICK 


SUMMARY 


We have studied the onset and duration of action 
and pharmacokinetics of rocuronium bromide (Org 
9426) during anaesthesia with nitrous oxide, fen- 
tany/ and isoflurane after a single bolus dose of 
rocuronium 0.6mgkg" in nine patients with 
chronic renal failure requiring regular haemo- 
dialysis, and in nine healthy control patients. Blood 
samples were collected over 390 min and concen- 
trations of rocuronium and its putative metabolites 
measured using HPLC. Onset time for maximum 
block, duration of clinical relaxation (T13) and 
recovery index, were 67 (SD 25.0) s and 65 (16.4) 
s, 55 (26.9) min and 42 (9.3) min and 28 (12.3) 
minand 19 (8.8) min, respectively, for patients with 
and without renal failure. The time for TOF ratio to 
return spontaneously to 0.7 was 99 (41.1) min and 
73 (24.2) min, respectively, in the two groups. 
None of these differences was significant. The 
pharmacokinetic data were best described by a 
three-exponential equation. There were significant 
differences between patients with and without renal 
failure in the rates of clearance (2.5 (1.1) mi kg! 
min” and 3.7 (1.4) ml kg” mir, respectively) and 
the mean residence times (97.1 (48.7) min and 
58.3 (9.6) min) (P < 0.05). The differences in other 
kinetic parameters were not significant. We con- 
clude that the effects of rocuronium may be 
prolonged in patients with renal disease, because of 
a decreased clearance of the drug. (Br. J. Anaesth. 
1993; 71: 222-226) 
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Rocuronium (Org 9426) is a new monoquaternary 
aminosteroidal neuromuscular blocking drug, with a 
duration of action similar to that of vecuronium but 
with a more rapid onset of action [1-3]. Initial animal 
studies suggested that, as with vecuronium, it is 
excreted primarily in the bile [4]. However, it became 
apparent that the pharmacokinetics of vecuronium 
were affected in the presence of renal disease [5, 6]. 
In this study we compared the neuromuscular effects 
and measured the blood concentrations of rocur- 


onium after a single bolus dose administered to 
normal patients and those with renal failure. 


PATIENTS AND METHODS 


After obtaining written informed consent and Ethics 
Committee approval, we studied nine patients with 
normal renal function (ASA I or ID undergoing 
elective dental or ophthalmic surgery, and nine 
patients with chronic renal failure requiring regular 
haemodialysis (ASA III or IV) and undergoing 
construction of arterio—venous fistulae. Any patient 
who was receiving medication known to interfere 
with neuromuscular transmission was excluded, 
except in the case of patients with renal failure, who 
were permitted to continue receiving corticosteroids, 
beta-adrenoceptor antagonists and calcium entry 
blocking drugs when these were essential medical 
therapy. Patients who were more than 35 % or less 
than 20% of their ideal weight or had abnormal 
hepatic function were excluded from study. All 
patients with renal failure had undergone haemo- 
dialysis within 2 days before surgery. 

After premedication with oral temazepam 20 mg 
60 min before operation, anaesthesia was induced 
with fentanyl 2-3 ug kg? and thiopentone 3-5 mg 
kg"! and maintained with 66% nitrous oxide in 
oxygen and 0.5-1.0% isoflurane (inspired concen- 
tration). Ventilation was assisted to maintain the 
end-tidal carbon dioxide concentration at 4.5-5.5 %. 
Additional increments of fentanyl were admin- 
istered, if required, throughout the procedure. 

Heart rate, non-invasive arterial pressure, oxygen 
saturation and temperature were monitored rou- 
tinely. Skin temperature over adductor pollicis was 
kept greater than 32 °C throughout the study period 
by wrapping the arm in cotton wool. 

Neuromuscular monitoring was commenced after 
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TABLE I. Physical and biochemical characteristics (mean (SD) [range]) of the two groups. **Significant difference between 


groups (P < 0.01) 
Renal failure Normal renal function 

(n = 9) (n = 9) 
Age (yr) 51 [22-61] 46 [27-64] 
Weight (kg) 63 (18.8) [42-91] 69 (13.0) [53-94] 
Height (cm) 163 (11.0) [145-182] 164 (12.7) [153-185] 
Sex (M/F) 5/4 4/5 
Urea (mmol litre~*) 22.2 (9.6) [14.2-46.0} ae 4.9 (1.1) [3.46.4] 
Creatinine (mmol litre~*) TTI (168) [426-940] Ak 79 (10.5) [71-95] 


induction of anaesthesia using transcutaneous supra- 
maximal stimuli of 0.2 ms duration to the ulnar 
nerve at the wrist in a train-of-four (TOF) mode at 
2 Hz every 12 s. The resultant force of contraction of 
adductor pollicis was measured and recorded using a 
force displacement transducer and neuromuscular 
function analyser (Myograph 2000, Biometer Ltd). 
After stabilization of control responses, rocuronium 
0.6 mg kg"? (2x ED,, dose) was administered as a 
fast bolus injection. The times to greater than 5% 
depression of T1 (lag time) and its maximum 
depression (onset time) were recorded. Tracheal 
intubation was performed after the onset of maxi- 
mum neuromuscular block. The times for spon- 
taneous recovery of T1 to 25, 75 and 90 % of control 
and to a TOF ratio of 0.7 were recorded as measures 
of the recovery characteristics of this bolus dose. 

Anaesthesia was stopped and tracheal extubation 
performed at the end of surgery. The patients were 
observed over the next 1 h in the recovery area for 
any signs of residual muscle weakness. 

Venous blood samples (4 ml) were obtained either 
from a dedicated peripheral cannula or from a 
central venous catheter before the administration of 
rocuronium (time zero), and at 1, 3, 5, 10, 15, 30, 60, 
90, 150, 210, 270, 330 and 390 min after admin- 
istration ; at 25 % recovery of T1 (T'1,,) and when the 
TOF ratio was 0.7. The samples were collected in 
lithium heparinized tubes and centrifuged within 
4h. The plasma was mixed with sodium dihydrogen 
phosphate buffer solution (0.2 ml to each 1.0 ml of 
plasma) and stored at —18°C until required for 
analysis. 

Analysis of rocuronium and its putative metabo- 
lites, 17-desacetyl rocuronium and 16 N-desallyl 
rocuronium was carried out using high pressure 
liquid chromatography (HPLC) by a method pre- 
viously described for vecuronium [7] but modified 
and validated for rocuronium and using 3,17- 
didesacetyl vecuronium (Org 7402) as the internal 
standard. After extraction of rocuronium and its 
putative derivatives from the sample, the compounds 
were separated by HPLC and the concentrations 
determined by fluorimetric detection after post- 
column ion-pair extraction. The precision (repro- 
ducibility) of the method is 8% over the range 
10-100000 ng ml? for rocuronium, 7% over 
10-25000 ng ml? for 17-desacetyl rocuronium and 
12% over 10-25000 ng ml"! for desallyl rocuron- 
tum. The limit of quantification with a precision 
better than 15% of this HPLC method was 10 ng 
mi-i for rocuronium and 20 ng mi~! for its putative 
derivatives, from a 1-ml sample of plasma. 


Concentration vs time data were fitted for in- 
dividual patients to both two- and three-exponential 
equations using a computer program for non-linear 
curve fitting (Multifit, JH Proost, University of 
Groningen in the Netherlands). This program allows 
estimation of parameters of various compartmental 
models using various minimizing algorithms [8]. It 
uses standard procedures and pharmacokinetic 
formulae derived from the literature [9]. The method 
has been validated using datasets and results from 
other available programs. The appropriate model 
was determined for each patient by the F test. The 
volume of the central compartment (Vg), steady-state 
distribution volume (V=), plasma clearance (CI), 
elimination half-life (7j°) and mean residence time 
(MRT) were calculated using standard equations. 

Data were subjected to Mann-Whitney U test for 
determination of statistical significance. This test 
was chosen because of the wide scatter of the results, 
particularly in patients with renal failure. P < 0.05 
was considered statistically significant. 


RESULTS 


The patients in the two groups were similar in 
average ages, weights, heights and sex distribution 
(table I). 

The onset and duration of action of rocuronium 
are given in table IJ. Neuromuscular block was 
evident in about 30s and the onset of maximum 
block was present in just over 1 min in both groups. 
The block was complete in all but one patient in the 
renal failure group and one patient in the control 
group, in whom the maximum blocks attained were 
97% and 96%, respectively. Times to recovery to 
T1,, were 55 and 42 min, to T1,, 84 and 60 min and 
to Tl, 101 and 69 min, respectively, in renal failure 
and normal patients. Times for the TOF ratio to 
recover to 0.7 were 99 and 73 min, respectively, with 
recovery indices (times for recovery of T1 from 25% 
to 75% of control (T1,;.,;)) of 28 and 19 min. 
Although the times for all these end-points were 
longer in patients with renal failure, the differences 
did not attain statistical significance (P > 0.05). 

Figure 1 shows the mean plasma concentrations of 
rocuronium over the period of sampling. The data 
from one patient from each group were excluded: the 
patient from the control group had received a further 
increment of rocuronium which interfered with the 
fitting of the data and the patient from the renal 
failure group had received metoclopramide which 
interfered with the analysis of rocuronium. For 14 of 
16 patients, the three-exponential equation provided 
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TABLE II. Characteristics of neuromuscular block (mean (SD) [range]). * Significant difference between groups (P < 0.05) 
n Renal failure patients n Normal patients 
Lag time (s) 9 29 (7.4) [22—41] 9 31 (6.0) [22-40] 
Onset time (s) 9 61 (25.0) [43-124] 9 65 (16.4) [50-98] 
Time to recovery (min) . 
to T1,, 9 55 (26.9) [35-115] 9 42 (9.3) [32-60] 
to T1., 8 84 (36.7) [54-158] 8 60 (16.9) [41-92] 
to Tla 7 101 (47.4) [64-182] 8 69 (19.5) [47-101] 
Time to TOF ratio 0.7 (min) 8 99 (41.1) [62-174] 8 73 (24.2) [40-116] 
Recovery index (min) 8 28 (12.3) [12-43] 8 19 (8.8) [10-32] 
Plasma concn (ng mlI~+) 
at T1,,. 9 1229 (308) [843-1657] 8 891 (357) [430~1560] 
at TOF ratio of 0.7 8 669 (237) [441-1047] * 8 441 (165) [194-770] 
10° 240 
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E =) 
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0 100 200 300 400 Fic. 2. Correlation between rates of clearance and time to TOF 
Time (min) ratio 0.7 (r =—0.64; P < 0.01) in patients with normal renal 


Fic. 1. Plasma concentrations (mean, sp) after administration of 

rocuronium 0.6 mg ke. O = Patients with renal failure; A = 

patients with normal renal function. Significant difference be- 
tween groups from 15 min onwards (P < 0.05). 


a significantly better fit compared with a two- 
exponential equation, and the estimates derived from 
this were used for evaluation. Data were described 
by the triexponential equation: 


C(t) = Pe + Ae + Be? 


where C = plasma concentration; t = time interval 
(min) between administering the bolus dose and 
collection of the blood sample; P, A and B = the 


function (C) and patients with renal failure (Wi). 


intercepts; m and a = slopes representing the rate 
constants of the rapid and slow distribution, re- 
spectively; § = slope representing the rate constant 
of the elimination phase. The intercompartmental 
rate constants are given in table III. 

The mean pharmacokinetic data for each group 
are given in table IV. Vo (51.0 ml kg? and 38.5 ml 
kg!) in the renal failure and normal patients, 
respectively, V™ (211.7 ml kg and 207.1 ml kg’) 
and 7P? (104.4 min and 97.2 min) did not differ 
significantly between the groups. MRT (97.1 min 
and 58.3 min) was significantly longer and the C/ (2.5 


TABLE II. Intercompartmental rate constants (mean (SD) [range]). *Sigmificant difference between groups (P < 0.05) 


Normal (71 = 8) 


- * 0.119 (0.064) [0.0693-0.2545] 


Renal failure (n = 8) 
kio (min) 0.062 (0.032) [0.0158-0.1046] 
k,, (min™) 0.311 (0.183) [0.1191-0.5739] 
ky, (min) 0.176 (0.098) [0.1041-0.3784] 
k,, (min7}) 0.031 (0.026) [0.0088-0.0768] 
ks, (min™) 0.014 (0.005) [0.0063-0.0207] 


0.259 (0.155) [0.0304-0.4946] 
0.163 (0.069) [0.0460-0.2797] 
0.060 (0.056) [0.0071~0.0896] 
0.012 (0.005) [0.0054-0.0177] 


‘TABLE IV. Main pharmacokinetic variables (mean (SD) [range]). Vo = Volume of the central compartment; V" = volume 
of distribution at steady state; Tf, Tf and T% = fast and slow distribution and the elimination half-lives respectively; 
Cl = clearance; MRT = mean residence time. * Significant difference between groups (P < 0.05) 


Renal failure patients (n = 8) 


Ve (ml kg) 51.0 (29.2) [17.99-95.78] 
V™ (ml kg) 211.7 (47.3) [163.56-307.89] 
T (min) 1.6 (0.7) [0.65-2.34] 

qe (min) 24.3 (11.1) [9.38-44.29] 

T? (min) 104.4 (41.0) [69.36-183.03] 
Cl (ml kg min™) 2.5 (1.1) [1.52-4.63] 
MRT (min) 97.1 (48.7) [44.69-203.18] 


Normal patients (n = 8) 


38.5 (21.1) [10.54-78.12] 
207.1 (48.9) [151.12~287.45] 
1.8 (1.5) [0.79-5.27] 
14.8 (5.5) [7.99~-23.20] 
97.2 (26.4) (67.94~141.72] 
* 3.7 (1.4) [2.45-6.05] 
* 58.3 (9.6) [38.41-66.17] 
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ml kg? min and 3.7 ml kg min“) significantly 
less (both P < 0.05) in patients with renal disease. 
The plasma concentrations of rocuronium at Tl, 
were 1229 and 891 ng ml“, and at TOF ratio 0.7 
were 669 and 441 ng mI respectively, in patients 
with and without renal failure (TOF ratio—P < 0.05). 

‘There was a significant negative correlation be- 
tween the rate of clearance and the time to the 
spontaneous recovery of TOF ratio to 0.7 (r= 
—0.64; P < 0.01) (fig. 2). 

There were large between-patient differences in 
both clinical response and kinetic parameters, par- 
ticularly in patients with renal disease. No metabo- 
lites were detected in plasma in patients from either 
group. 

DISCUSSION 


We have shown that rocuronium was a rapidly acting 
agent with an onset time just greater than 1 min after 
a bolus of 0.6 mg kg“ in patients with or without 
renal failure. This is similar to the findings of 
Szenohradszky and colleagues [10] using the same 
dose of rocuronium in patients with renal failure and 
observed by us in a previous study in healthy 
patients [11]. Onset of neuromuscular block with 
rocuronium in renal failure appears to be unlike that 
after other myoneural blockers such as vecuronium, 
atracurium and tubocurarine, which have been 
reported by some workers to show a delayed onset of 
effect compared with healthy patients [12, 13]. 

The duration of clinical relaxation (T1,,) after 
rocuronium was prolonged (55 min) in patients with 
renal disease compared with that in patients with 
normal renal function (42 min). Because of the 
relatively large degree of variability present, es- 
pecially among patients with renal failure, these 
prolonged recovery characteristics failed to attain 
statistical significance; it is likely that analysis of 
results from a larger number of patients may have 
produced significant findings. This was a first study 
undertaken in a group of ill patients which has 
suggested that a longer duration of action of rocur- 
onium is likely in them. Szenohradszky and col- 
leagues reported times of 49min and 47 min in 
patients with or without renal failure, respectively 
[10]; the duration of action in both groups of 
patients in the present study was also longer than 
those we have observed in a previous study [11]. The 
difference is likely to reflect the use of isoflurane in 
the present study, in contrast with the use of 
balanced or halothane-supplemented anaesthesia in 
the earlier study [11]. Some prolongation of recovery 
with rocuronium during isoflurane and enflurane 
anaesthesia has been reported previously [14]. The 
duration of clinical relaxation is, however, much 
more prolonged in patients with marked hepatic 
dysfunction [15]. 

Studies on the excretion of rocuronium suggest 
that the main mechanism is hepatic uptake and 
biliary excretion [4, 15]. However, the results from 
the present study suggest a considerable role for 
renal clearance. The rates of clearance in patients 
with normal renal function in the present study are 
similar to those reported by Wierda and colleagues 
[16]. The reduced rates of clearance in patients with 
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renal failure are in keeping with findings in cats in 
which renal pedicle ligation resulted in a smaller rate 
of clearance [4]. This study in cats suggested that 
only about 10 % of an administered dose of rocur- 
onium was excreted in urine. However, our findings 
of an approximately 30-40 % increase in the indices 
of duration of action of rocuronium in patients with 
renal failure would suggest a greater dependence 
upon renal excretion in man. That this is the case is 
supported by the findings of Wierda’s group, who 
were able to recover 33% of unchanged rocuronium 
from urine [16]. Observation of a significant negative 
correlation between the rate of clearance and the 
time to spontaneous recovery of TOF ratio to 0.7 
would suggest the decreased clearance to be the 
responsible factor for a somewhat longer duration of 
action of rocuronium. 

‘The steady-state volume of distribution for rocur- 
onium is smaller (211.7 ml kg“ and 207.1 ml kg“, 
respectively, in patients with and without renal 
failure) compared with that reported by Bencini and 
colleagues [13] for vecuronium (471 ml kg~! and 510 
ml kg-t). This may be a result of the greater fat 
solubility of vecuronium [16]. For rocuronium, 
which has a greater dependence on hepatic uptake 
and biliary excretion [4,15], it is in hepatic dys- 
function that both the kinetics and dynamics show 
the greatest changes. However, there are to date no 
published studies which have measured the biliary 
excretion of rocuronium in humans. Absence of any 
detectable metabolites would indicate minimal 
metabolism, which is supported by results from 
animal studies [4]. 

The plasma concentrations of rocuronium during 
recovery from neuromuscular block were greater in 
patients with renal failure, significantly so at the 
point of recovery of TOF ratio 0.7 (table II). This 
may indicate altered sensitivity of the receptor in 
patients with renal failure. However, this remains 
speculative, as steady-state plasma concentrations at 
a particular degree of neuromuscular block (such as 
C9) were not determined in the present study. 
Because of the very rapid onset of block, it is difficult 
to obtain sequential samples after a bolus of 
rocuronium 0.6 mg kg. The present study was not, 
therefore, designed as a pharmacokinetic~pharmaco- 
dynamic modelling study which would have yielded 
such information. 

In conclusion, the results from the present study 
suggest some prolongation of the effect of a single 
0.6-mg kg? dose of rocuronium in patients with 
renal failure, and demonstrated that they show 
greater between-patient variability than patients with 
normal renal function. This may be even more 
significant with larger or repeated doses. The results 
suggest that the drug should be used with caution in 
patients with significant renal disease, and that 
monitoring of neuromuscular block in this group of 
patients is essential. 
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PHARMACODYNAMICS OF MIVACURIUM CHLORIDE IN 
PATIENTS WITH HEPATIC CIRRHOSIS 


J. C. DEVLIN, A. G. HEAD-RAPSON, C. J. R. PARKER AND J. M. HUNTER 


SUMMARY 


Ten healthy patients and 25 patients with cirrhosis 
of the liver (10 Child's A, 10 Child's B and 5 Child's 
C) received a bolus dose of mivacurium chloride 
150 ug kg'. The electromyographic response was 
monitored throughout anaesthesia until recovery of 
the first twitch of the train-of-four (TOF) (T171/TO) 
to at least 85 % and the TOF ratio (74:71) to at least 
80%. There was no significant difference between 
the two groups in the onset of neuromuscular 
block, but recovery was prolonged in the cirrhotic 
group compared with the healthy patients (re- 
spective mean times to recovery of T1/T0: to 5% = 
20.2 vs 11.2 min (P < 0.05); to 10% = 23.8 vs 
73.4 min (P < 0.005); to 25% = 28.4 vs 16.6 min 
(P < 0.005); to 50%= 47.7 vs 20.1 min (P< 
0.005); to 75% = 43.8 vs 24.9 min (P < 0.005). 
Recovery of 14:17 to 70% = 48.1 vs 27.4 min (P < 
0.005)). Recovery was most prolonged in the 
Child's C patients. Mean plasma cholinesterase 
activity was less in the cirrhotic compared with the 
healthy group (mean 582 (sb 254) iu litre vs 1125 
(303) iu litre’) (P < 0.001) and there was a 
significant negative correlation between plasma 
Cholinesterase activity and all the indices of re- 
covery (P < 0.007 for all except recovery index (P 
< 0.01)). We conclude that patients with hepatic 
cirrhosis may be sensitive to mivacurium, which 
could be explained, at least in part, by the lesser 
plasma cholinesterase activity. (Br. J. Anaesth. 
1993; 71: 227-231) 
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The new, short-acting, non-depolarizing neuro- 
muscular blocking agent, mivacurium chloride, is 
metabolized by plasma cholinesterase. Early studies 
in vitro suggested that this occurs at a rate of 
70-88 % that of suxamethonium [1, 2]. It is known 
that the activity of this enzyme is reduced in liver 
disease [3]. We decided, therefore, to examine the 
pharmacodynamics of mivacurium in patients with 
hepatic cirrhosis in comparison with a control group 
of healthy patients. 

An early study of mivacurium failed to dem- 
onstrate a consistent relationship between plasma 
cholinesterase activity and duration of neuromuscu- 


lar block in healthy patients, but in these subjects 
there was little variation in enzyme activity [1]. More 
recently, a significant negative correlation has been 
reported in three studies. Phillips and Hunter 
reported a negative correlation between plasma 
cholinesterase activity and recovery of T1/T0 to 5% 
after a bolus of mivacurium 150 ug kg™ in a study 
comparing renal failure patients, in whom plasma 
cholinesterase activity was reduced, and healthy 
patients [4]. Ostergaard and colleagues also showed a 
negative correlation between plasma cholinesterase 
activity and time to return of the first twitch 
following a bolus dose of 200 ug kg, although they 
could not demonstrate a correlation when a dose of 
100 ug kg was used [5]. Ali and colleagues showed 
a negative correlation between plasma cholinesterase 
activity and the infusion rate of mivacurium required 
to maintain 90-99 % depression of T1/TO in healthy 
patients [6]. Therefore we also have attempted to 
correlate pharmacodynamic data with plasma cholin- 
esterase activity. 


PATIENTS AND METHODS 


The study was approved by the Committee of 
Safety of Medicines and the Hospital Ethics Com- 
mittee. All patients gave written, informed consent. 
We studied 25 patients with hepatic cirrhosis and 10 
healthy patients undergoing intermediate, elective 
surgical procedures requiring neuromuscular block. 

All but one of the cirrhotic group were having 
injection sclerotherapy of oesophageal varices. The 
remaining patient in that group, and all the healthy 
patients, were undergoing general surgical or gynae- 
cological procedures, such as inguinal hernia repair 
or laparoscopy. Hepatic cirrhosis is a chronic disease 
with a variable degree of functional impairment. 
Using Child’s criteria [7], the cirrhotic group were 
classified further into three subgroups (A, B and C) 
in order to examine the influence of the severity of 
hepatic disease on the pharmacodynamic data. 
Patients were excluded if they had a clinical history 
of a neuromuscular disorder, asthma, renal failure, 
difficult tracheal intubation or were receiving drugs 
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TABLE I. Chtld’s classification for assessing the severity of liver 
dysfunction [7] 


Group A Group B Group C 

Serum bilirubin < 34 34-50 > 50 

(umol litre?) 
Serum albumin > 35 30-35 < 30 

(g litre™) 
Ascites None Easily Poorly 

controlled controlled 

Neurological disorder None Minimal Advanced 
Nutrition Excellent Good Poor 


known to interfere with neuromuscular transmission 
or hepatic function. All patients with cirrhosis were 
receiving oral ranitidine 150mg twice daily and 
vitamin K 10 mg daily. Child’s B and C patients 
were also receiving oral spironolactone 100—400 mg 
daily. 

All the patients had preoperative measurements of 
haemoglobin concentration, platelet count, urea, 
electrolytes and plasma albumin; liver function tests 
were also performed. Before operation, plasma 
cholinesterase activity was measured using a spectro- 
photometric method [8] and the dibucaine and 
fluoride numbers were determined [9]. The cirrhotic 
patients also had prothrombin time and activated 
partial thromboplastin time measured. Each cir- 
rhotic patient was assigned to the appropriate Child’s 
subgroup (table I). ASA II and III patients had a 
preoperative chest x-ray and electrocardiogram. 

Premedication was with either diazepam 10 mg 
orally, Cyclimorph (morphine sulphate 10 mg ml"! 
and cyclizine 50 mg ml) 1 ml i.m. or no pre- 
medication (in the case of the Child’s C cirrhotic 
patients). Anaesthesia was induced with fentanyl 
1 pg kg™ and thiopentone 3—5 mg kg", followed by 
a period of at least 15 min during which the patient 
breathed isoflurane and 70% nitrous oxide in 
oxygen, until a stable end-tidal isoflurane concen- 
tration of 0.5% (measured using a Capnomac 
(Datex)) had been achieved. End-tidal carbon di- 
oxide partial pressure was maintained in the range 
4.5-5.5 kPa, with positive pressure ventilation when 
needed, using the Capnomac. During this period, 
electromyographic monitoring was commenced, ap- 
plying train-of-four (TOF) stimuli to the ulnar 
nerve at the wrist at 12-s intervals and recording the 
surface compound action potential over adductor 
pollicis using a Medelec MS6 [10]. The arm was 
wrapped in cotton wool padding, but skin tem- 
perature was not measured. When the end-tidal 
isoflurane concentration was stable, a bolus dose of 
mivacurium 150 ug kg was given into a fast flowing 
peripheral infusion in the other forearm. Electro- 
myographic monitoring was continued throughout 
surgery and until the first twitch (T1/T0O) had 
recovered to at least 85% and the TOF ratio 
(T4:T1) had reached at least 80%. No supplemen- 
tary doses of mivacurium were given and no 
anticholinesterase was used. Increments of fentanyl, 
thiopentone, or both, were given when clinically 
indicated. 

Controlled ventilation was undertaken and tra- 
cheal intubation attempted 2 min after admin- 
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istration of mivacurium. Intubation was graded as 
excellent (no movement, vocal cords abducted), good 
(cords abducted, some diaphragmatic movement), 
poor (intubation achieved but cord and diaphrag- 
matic movement present) or impossible [11]. If 
intubation was impossible at 2 min, another attempt 
was made I min later. 

After injection of mivacurium, evidence of cu- 
taneous histamine release was sought at the injection 
site and over the face and trunk. Heart rate and 
indirect arterial pressure were recorded, using a 
Cardiocap (Datex), before induction, during an- 
aesthesia immediately before the administration of 
mivacurium, and at 1-min intervals for a period of 
5 min after the bolus of mivacurium and thereafter at 
5-min intervals. After completion of surgery, and 
when T4:T1 was greater than 80%, anaesthesia was 
discontinued and, when ventilation was considered 
adequate, the trachea was extubated. All patients 
were assessed in the recovery room for signs of 
residual curarization by their ability to maintain 5-s 
head-lift, tongue protrusion and cough [12]. The 
patients were seen also in the ward the next day to 
ensure that all cardiovascular variables had remained 
stable. They were asked specifically about muscle 
pain and weakness. 


Data analysts 


The electromyographic recording was analysed to 
determine the times to 95% and maximum de- 
pression of T1/T0 and the maximum depression of 
T1/T0 achieved. The times to recovery of T1/T0 to 
5%, 10%, 25%, 50% and 75 %, the recovery index 
(time for T1/T0 to recover from 25 % to 75%), and 
the time for T4:TI to return to 70% were also 
noted. 

The onset and recovery data for the cirrhotic and 
the control groups were compared using the Mann- 
Whitney U test, as was the mean plasma albumin 
concentration in each group. Plasma cholinesterase 
activity was correlated with both onset and recovery 
data using Pearson’s correlation coefficient. 


RESULTS 


The age, weight, sex, plasma cholinesterase activity 
and plasma albumin concentration of the patients are 
shown in table IJ. The patients in the control group 
were younger than those in the cirrhotic group and 
there was a slightly greater proportion of female 
patients in the cirrhotic group. 

The measured plasma cholinesterase activity was 
significantly less in the cirrhotic group (table II). 
Plasma cholinesterase activity was particularly 
reduced in the Child’s C subgroup (mean 275 iu 
litre7!, range 200-384 iu litre+). One patient (Child’s 
C) was found to be heterozygous for the dibucaine 
resistant gene (dibucaine number 68; normal range 
77-83). This patient had a plasma cholinesterase 
activity of 236 iu litre? and a fluoride number of 55 
(normal range 55-65). AU the other patients had 
normal dibucaine and fluoride numbers. 

Serum albumin concentration was significantly 
reduced in each cirrhotic subgroup compared with 
values in healthy patients (table II). 
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TABLE II. Patient characteristics, plasma cholinesterase activity and plasma albumin concentration (mean (SD) [range]) in 
the two groups and with Child’s subgroups shown. *P < 0.05; **P < 0.001 compared with healthy group 


Healthy Cirrhotic Child’s A Child’s B Child’s C 
(n = 10) (n = 25) (n = 10) (n = 10) (n = 5) 
Age (yr) 42.1 52.8 49.7 53.0 58.4 
[27-59] [32-67] [32-60] [43-60] [48-67] 
Weight (kg) 70.1 (11.0) 65.7 (10.7) 60.6 (6.2) 71.3 (14.0) 64.6 (3.7) 
[53-84] [48-87] [50-68] [48-85] [60-70] 
Sex (M: F) 5:5 10:15 4:6 4:6 2:3 
Plasma cholinesterase 1125 (303) 582 (254)** 687 (282)* 595 (178)** 275 (78)** 
activity (iu litre 4) [574-1511] [200-1432] [448-1432] [376-872] [200-384] 
Albumin (g litre) 46.5 (2.6) 34.6 (5.9)** 37.3 (5.6)** 34.2 (5.5)** 30 (4.7)** 
[43-50] [24-46] [24-44] [29-46] [24-36] 


Tase II. Pharmacodynamic onset data for the two groups and with Child's subgroups shown (mean (SD) [range]). 
P < 0.05: *compared with healthy patients ; fcompared with Child’s C patients 


Healthy Cirrhotics Child’s A Child’s B Child’s C 
(n = 10) (n = 25) (n = 10) (n = 10) (n = 5) 
Time to 95% 2.8 (0.9) 2.3 (0.9) 2.2 (0.6) 2.2 (0.6) 3.0 (1.6) 
depression (min) [1.9-5.1] [1.4-5.4] [1.4-3.5] [1.6-3.3] [1.7-5.4] 
(n = 9) (n = 4) 
Time to max. 5.2 (1.4) 6.1 (3.9) 4.7 (1.0)F 5.3 (1.5)ł 10.7 (7.4)* 
depression (min) [4.1-8.5] [2.9—23.0] [2.96.7] [2.9-7.6] [4.2-23.0] 
Maximum 98.7 (1.3) 98.1 (4.0) 99.1 (0.6) 97.1 (6.3) 97.3 (3.4) 
depression (%) [95.4-99.9] [80.3—100] [98.3~99.8] [80.3~-99.8] [91.5~100] 


Tass IV. Pharmacodynamic recovery data for the two groups and with Childs subgroups shown (mean (SD) [range}). 
*P < 0.05; **P < 0.005 compared with healthy patients; FHP < 0.01 Child's C compared with Child’s B 


Healthy Cirrhotics Child’s A Child’s B Child’s C 
Times to (min) (n =x 10) (n == 25) (n = 10) (n = 10) (n == 5) 
T1/T0 =5% 11.2 (3.1) 20.2 (8.1)* 17.0 (6.7) 19.2 (4.9)* 30.7 (10.1)**F4+ 
[7.7-18.0] [7.2-44.5] [7.2~-26.7] {11.2~26.2] [21.6-44.5] 
T1/TO = 10% 13.4 (3.0) 23.8 (8.9)* 19.6 (7.2)* 22.3 (5.1)** 34.9 (9. 1)** 4+ 
[10.0-19.2] [8.5--50.3] [8.5—31.1} [13.2-29.1] [26.2-50.3] 
T1/T0 = 25% 16.6 (3.3) 28.4 (10,.4)** 23.5 (8.2)* 26.1 (6.3)** 42.9 (8.9)**++ 
[13.0-22.3] [11.0-57.0] [11.0-37.5] [16.0-34,3] [35.0~-57.0] 
T1/T0 = 50% 20.1 (3.9) 34.9 (14.2)** 27.9 (10.1)* 32.0 (7.0)** 54.6 (15.2)** tt} 
[15.6-25.8] [12.6-81.3] [12.6-46.4] [19.1—40.8] [43.0-81.3] 
T1/T0 = 75% 24.9 (6.5) 43.8 (20.8)** 33.5 (13.0)* 40.7 (13.0)** 70.7 (25.4)**++ 
[19.0-40.4] [14.6-114.5] [14.6-60.2] [22.4-68.7] (52.2—114.5] 
T4:Tl =70% 27.4 (4.8) 48.1 (20.5)** 39,1 (15,.4)* 43.5 (8.5)** 75.0 (25.8)**Ft 
[19.8~33.5] [19.5-120.7] [19.5~70.4] (27.6-55.1] (60.0~-120.7] 
25-75 % T1/TO 8.3 (4.1) 15.4 (12.8) 9.9 (5.2) 14.6 (12.8) 27.8 (17.1)**++ 
[5.4-19.6] [3.6-57.5] [3.6-22.7] [6.3~-50.0] {15,9-57.5] 


There were no significant differences between the 
onset data in the two groups, although the Child’s C 
patients had a significantly prolonged time to reach 
maximum depression of T1/TO (10.7 min) com- 
pared with the other Child’s subgroups and the 
healthy group (P < 0.05) (table III). Two cirrhotic 
patients showed resistance to the action of miva- 
curium: in one Child’s B patient, the maximum 
block achieved was 80.3% at 23 min, and in one 
Child’s C patient it was 91.5 % at 7.5 min. There was 
no correlation between onset variables and plasma 
cholinesterase activity. 

In contrast, the recovery from neuromuscular 
block was significantly prolonged in the cirrhotic 
group for all variables except the recovery index 
which, although longer in the cirrhotic group, was 
not statistically significant (table IV). Even the 
Child’s A subgroup with only minimal hepatic 
dysfunction had a prolonged recovery from block, of 


about 50% greater than the healthy group. The 
Child’s C subgroup had a markedly prolonged 
recovery—150% greater than healthy patients and 
significantly longer even than the Child’s B subgroup 
(table IV). 

In contrast with the onset data, there was a 
significant negative correlation between all recovery 
variables and plasma cholinesterase activity (5 % r = 
—0.71; 10% r= —0.74; 25% r= —0.79; 50% r= 
— 0.71; 75% r=—0.63; 90% r= —0.62; 95% r= 
—0Q.71; recovery index r=—0.41 (P < 0.001 for 
all except recovery index—P<0.01)). This is 
demonstrated for the time to 25% recovery of 
T1/TO in figure 1. The final recorded height of 
T1/T0 was greater than 95 % in 15 patients, 90-95 % 
in 14 patients and 85-90 % in six patients. 

Mean arterial pressure decreased after induction 
of anaesthesia in both groups, with a further small 
decrease after administration of mivacurium (table 
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Cholinesterase activity (iu litre!) 


Fig. 1. Time to 25% recovery of T1/TO (T1/T0,,) plotted 

against cholinesterase activity. Pearson’s correlation coefficient: 

r= —0.79; P< 0.0001. @ = Healthy patients (controls); O = 
cirrhotic patients; © = heterozygous patient. 


V). Tracheal intubation was performed after the 
2 min recording. Mean arterial pressure and heart 
rate increased after intubation. 

Cutaneous histamine release was noted in five 
patients, two in the control group (20 %) and three in 
the cirrhotic group (12%). This was not associated 
with any significant cardiovascular change. 

In seven (70%) of the healthy patients and 19 
(76 %) of the cirrhotic patients, intubation conditions 
were excellent or good at 2 min. Conditions were 
poor at this time in one (10%) healthy and five 
(20%) cirrhotic patients and impossible in two 
(20%) healthy and one (4%) cirrhotic patient. In 
two of this latter group, intubation was impossible 
until 5 min, because of clinically inadequate neuro- 
muscular block. 

There was no indication of recurarization in the 
recovery room after anaesthesia. There were no 
complaints of muscle pains or weakness in the first 
24 h after operation. All patients were satisfied with 
their anaesthetic. 


DISCUSSION 


The main finding of the present study was the 
increased duration of action of mivacurium in 
patients with hepatic cirrhosis. In healthy patients, 
mivacurium has a shorter duration of action than the 
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older non-depolarizing agents: the time to 10% 
recovery of T1/TO of 13 min contrasts with 27 min 
for vecuronium and 39 min for atracurium [13]. This 
difference was reduced in patients with mild to 
moderate cirrhosis, in whom the time to 10% 
recovery of T1/TO of 20.8 min is little less than the 
times for vecuronium (23 min) or for atracurium 
(29 min) [14]. This therefore negates the main 
beneficial property of mivacurium in this group of 
patients. In severe cirrhosis (Child’s group C), 
although the number of such patients in the present 
study was small, the duration of mivacurium ap- 
peared to be so prolonged and so unpredictable as to 
vitiate its use. 

Atracurium is currently the drug of choice in 
cirrhotic patients with severe liver dysfunction 
(Child’s group C), because of its predictable duration 
of action, which is unrelated to the degree of hepatic 
dysfunction [14]. In these patients atracurium is 
clearly superior to mivacurium. This finding is 
supported by early reports of the use of mivacurium 
in patients with end-stage hepatic failure undergoing 
liver transplantation, in whom the duration of action 
was found to be three times greater than in healthy 
patients (25% recovery T1/T0O: 57 min vs 19 min) 
[15]. Indeed, atracurium would seem to be the only 
non-depolarizing neuromuscular blocking agent in 
common use to have a duration of action independent 
of liver function. All the steroidal agents have been 
shown to have prolonged elimination or effect in 
end-stage liver disease [16-18]. 

The prolonged effect of mivacurium in patients 
with hepatic disease can probably be explained by 
the reduced plasma cholinesterase activity, which 
has long been recognized to occur in such patients 
[3]. It is unlikely that the differences between the 
groups in age or the slight difference in sex ratio 
would account for such a marked effect. This study 
has shown a significant negative correlation between 
several indices of recovery and the patient’s pre- 
operative plasma cholinesterase activity. Such 
findings have been reported in patients with chronic 
renal failure given mivacurium [4], but not in an 
earlier study of the drug given to healthy subjects 
[1]. This may result from a less variable plasma 
cholinesterase activity in healthy subjects than in a 
population with renal disease and, consequently, any 
relationship would be more difficult to detect. There 
are also differences in the methods used to assay 
plasma cholinesterase. Although plasma _ cholin- 
esterase activity needs to be very markedly reduced 
before the duration of action of suxamethonium is 


TABLE V. Cardiovascular variables before the bolus dose of mivacurium and percentage changes after mrvacurium compared 
with post-induction values (mean [range]). Tracheal intubation was attempted after the 2-min recording 


MAP (mm Hg) 
Time Healthy 
Before induction 99.6 [90-108] 
After induction 82.3 [65-111] 
After mivacurium 
(% change) 
1 min —1.6[—12 to +13] 


~8.0 [—30 to +47] 


Cirrhotic 


97.8 [77-115] 
86.6 [70-113] 


—6.6 [—30 to +42] 


Heart rate (beat min?) 


Healthy Cirrhotic 
83.2 [64-110] 80.6 [59-107] 
70.6 [60-85] 78.0 [50-120] 


—6.0 [—23 to +10] —4.4[—24 to +13] 


—3.3[~23 to +24] —2.0 [—28 to +58] 


2 min —3,2[—15 to +31] 
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prolonged [19], it is not known if this is true also for 
mivacurium. This study would suggest, however, 
that potentiation of neuromuscular block produced 
by mivacurium may occur even if the plasma 
cholinesterase activity is only slightly reduced. 

The onset of action of mivacurium in patients with 
hepatic cirrhosis compared with normal control 
subjects is also of interest. There was a tendency in 
this study for onset of block, as measured by time to 
95% depression, to be more rapid in the Child’s A 
and B patients, although this was not statistically 
significant (table IIT). Patients with hepatic cirrhosis 
have altered haemodynamics, in particular increased 
cardiac output [20], which may enhance delivery of 
the drug to the site of action [21] and hasten the 
onset of block. This explanation is less plausible, 
however, in Child’s group A patients, in whom 
cardiac output and speed of circulation are not likely 
to be substantially increased. 

In contrast, two patients with severe liver dys- 
function showed considerable resistance to the action 
of mivacurium, similar to that reported by Dundee 
and Gray for tubocurarine [22]. It may be that the 
increased volume of extracellular fluid known to 
occur in severe cirrhosis could have led to an increase 
in the volume of distribution of mivacurium, as 
occurs with pancuronium, fazadinium and atra- 
curium, and hence to a less intense block [16, 23, 24]. 
Pharmacokinetic studies of mivacurium are required 
to establish the relationship between volume of 
distribution and effect. 
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PHARMACODYNAMICS OF MIVACURIUM IN CHILDREN, 
USING A COMPUTER-CONTROLLED INFUSION 


O. A. MERETOJA AND K. T. OLKKOLA 


SUMMARY 


A computerized infusion system was used to 
determine requirement for a mivacurium infusion to 
maintain a 95% and a 50% neuromuscular block in 
21 children aged 1-15 yr. Neuromuscular block 
was measured by adductor pollicis EMG and 
anaesthesia maintained with 66% nitrous oxide in 
oxygen and alfentanil 50-100 ug kg" h. The tar- 
geted neuromuscular block was reached within 
mean 5 (SD 3) min from initiation of an infusion. 
Mivacurium requirement for 95% neuromuscular 
block was 950 (350) ug kg' h, which repre- 
sented an hourly requirement of 6.8 (1.6) individual 
ED doses. Infusion requirement for 50% neuro- 
muscular block averaged 350 (150) ug kg? hi. 
There was a significant negative correlation be- 
tween infusion rate and age of a patient. Great 
individual variation of the infusion rate makes a 
computerized infusion an easy method to achieve 
and maintain a desired level of neuromuscular block. 
No side effects of mivacurium were noticed. (Br. J. 
Anaesth. 1993; 71: 232-237) 


KEY WORDS 


Anaesthesia: paediatric. Equipment: computers. Neuromuscular 
relaxants: mivacurium. 


Mivacurium, a short-acting, mnon-depolarizing 
neuromuscular blocking agent, has been studied in 
children, to create dose-response curves [1, 2] and to 
maintain 89-99% neuromuscular block with a 
continuous infusion [3,4]. A common finding was 
that the requirement of mivacurium was greater in 
children than in adults under comparable study 
circumstances. If mivacurium is administered as 
incremental bolus doses, children would require a 
dose of 0.1 mgkg™ approximately once every 
6-7 min during maintenance of anaesthesia [3, 4]. 
However, individual titration of a maintenance dose 
would be necessary, as the between-patient varia- 
bility of infusion requirement is three- to four-fold 
during general anaesthesia [3, 4]. Consequently, it 
would be practical to have an automatic infusion 
controller to maintain a desired neuromuscular 
block. Our aim was to study the pharmacodynamics 
of mivacurium in children using a closed-loop 
feedback control system to determine mivacurium 
requirements to maintain two different levels of 


neuromuscular block (95 % and 50 % ) during nitrous 
oxide—oxygen—alfentanil anaesthesia in children. 


PATIENTS AND METHODS 


After approval by the Institutional Ethics Committee 
and after parental informed consent, we studied 21 
children aged 1-15 yr, ASA I or II, undergoing 
elective abdominal or orthopaedic surgical pro- 
cedure. The duration of surgery was estimated to 
exceed 90 min. Patients were excluded if they had 
renal or hepatic disease or were receiving any 
medication known to affect neuromuscular trans- 
mission. 

Patients received oral midazolam 0.4 mg kg 
(maximum dose 15 mg) 45 min before anaesthesia, as 
premedication, if needed. Anaesthesia was induced 
with alfentanil 50-100 ug kg? and thiopentone 
4-6 mg kg, and maintained with an infusion of 
alfentanil 50-100 pg kg! h™ and 66% nitrous oxide 
in oxygen. ECG, Spo,, non-invasive arterial pressure 
and palmar skin temperature (Cardiocap, Datex, 
Helsinki, Finland), were monitored during anaes- 
thesia. Ventilation was controlled to maintain end- 
tidal carbon dioxide partial pressure in the range 
5.0-5.5 kPa. 

Neuromuscular transmission was monitored using 
an electromyograph (Relaxograph, Datex). Surface 
electrodes were attached over the ulnar nerve at the 
wrist, and over adductor pollicis and the volar 
surface of the base of the forefinger to obtain an 
optimal EMG signal [5]. Train-of-four (TOF) 
stimulation was applied every 20 s and calibration of 
the neuromuscular monitoring device was carried 
out 5-10 min after induction of anaesthesia. There- 
after, a stable baseline calibration signal was awaited 
before administration of mivacurium. Mivacurium 
was used in a concentration of 2 mg ml"}, or diluted 
1:1 with physiological saline if the patient’s body 
weight was less than 15 kg. 

Each patient received a bolus dose of mivacurium 
0.1 mg kg“? and maximal neuromuscular effect fol- 
lowing this dose was recorded. Thereafter, a second 
identical bolus dose was administered and the trachea 
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TABLE I. Patient characteristics, maximal neuromuscular block (NMB) produced by mivacurium 0.1 mg kg"! and 
individual ED ps dose and infusion requirements of mivacurium in children. Infusion requirement to maintain 95% NMB 
is calculated also as ED p; doses per hour (infusion rate/ED p; dose) 


Age BW MaxNMB EDs 
Or) (kg) (%) (ug kg™*) 
1.2 10.0 67 153 
1.4 11.5 75 141 
1.7 9.7 90 115 
1.7 12.2 19 244 
2.1 9.3 71 148 
2.4 12.3 85 125 
2.9 13.4 76 140 
4.3 16.0 66 154 
6.6 20.0 95 100 
7.1 20.8 12 145 
7.3 37.5 57 168 
7.8 29.2 53 174 
8.7 31.0 72 146 
9.1 45.8 88 118 
9.8 39.0 97 91 
10.5 33.4 94 103 
10.7 53.0 98 89 
10.8 39.3 TT 138 
12.4 32.0 59 166 
14.5 62.5 84 126 
15.2 72.0 75 141 
Mean 7.4 29.0 75 139 
sD 18.3 i8 34 


intubated when neuromuscular block (depression of 
the first EMG response in the TOF series of 
responses) remained greater than 90%. Thereafter, a 
closed-loop, computer-controlled infusion of miva- 
curium was commenced using a Fresenius injectomat 
cp-IS pump (Fresenius AG, Bad Homburg, 
Germany) [6,7] (see Appendix), and the target 
neuromuscular block was set to 95%. Infusion was 
initiated based on the response to the first bolus doses 
of mivacurium. When at least 40 min of infusion 
time had elapsed, the target neuromuscular block 
was re-set to 50% and a second 40 min of infusion 
time was recorded. At the end of anaesthesia, re- 
sidual neuromuscular block was allowed to recover 
spontaneously before removal of the tracheal tube. 
Average infusion requirements of mivacurium to 
maintain a 95% and a 50% neuromuscular block 
and the performance of the controller were derived 
from computer recordings (see Appendix). These 
infusion requirements were calculated on a body 
weight basis (in pg kg“ h™). In addition, we de- 
termined the number of individual ED,, doses of 
mivacurium that would be required hourly to 
maintain a 95% neuromuscular block. For this 
purpose, an estimate of an individual ED,, dose was 
calculated on the basis of the maximal neuromuscular 
response after the initial O0.l-mgkg 4 doses of 
mivacurium, using the method described earlier [8]: 
a point which represented the 0.1-mg kg™ dose and 
the maximal neuromuscular effect produced by this 
dose was plotted on a log-probit paper on which 
parallel lines with a slope of 6.5 probit log’ were 
drawn. This slope is an average of those determined 
for mivacurium in children [1, 2], and reflects that of 
an earlier study of atracurium [8]. An estimated 
individual ED,, dose of mivacurium was determined 
by analysing the dose required to produce a 95% 


Infusion requirement for 


50% NMB 95% NMB 95% NMB 
(ug kg7* ho’) (ug kg™ ho”) (ED,; h’) 
458 955 6.2 
390 880 6.2 
338 975 8.6 
843 2131 ” 8.8 
392 877 5.9 
293 976 7.8 
361 1112 7.9 
552 1229 8.0 
179 457 4.6 
226 676 4.7 
452 888 5.3 
344 1263 73 
294 1217 8.3 
329 983 8.3 
315 650 7.1 
318 881 8.6 
232 760 8.5 
377 950 6.9 
172 TTI 4.7 
183 481 3.8 
360 879 6.2 
353 952 6.8 
148 346 1.6 


neuromuscular block when a line with a slope of 6.5 . 
probit log? was drawn via the one dose-response 
point determined for that individual child [8]. 

For statistical purposes, linear regression analysis 
and Student’s t test for paired data were used, when 
appropriate. P < 0.05 was regarded as significant. 
All values are presented as mean (SD). 


RESULTS 


Patient characteristics are shown in table I. Palmar 
skin temperature was greater than 34 °C at all times 
in every child, mean temperature being 35.2 (0.7) °C. 
The initial 0.1-mg kg? dose of mivacurium did not 
produce any systematic changes in arterial pressure 
or heart rate: average arterial pressure and heart 
rate before administration of mivacurium were 
90/46 mm Hg (mean 63 mm Hg) and 84 beat min“, 
respectively. Systolic, diastolic and mean arterial 
pressures increased and heart rate decreased by 4 (6), 
0 (7) and 3 (6)mm Hg, and by 2 (4) beat min“, 
respectively, within 3 min after the administration of 
mivacurium (not significant). 

The maximal effect after mivacurium 0.1 mg kg} 
was attained earlier in younger patients. There 
appeared to be a linear relationship between age and 
onset time (time from administration to maximal 
effect) of mivacurium (fig. 1). Based on linear 
regression analysis, onset time increased by 1.4 
(0.4) min for every 10 yr of age (P = 0.0024). 
Average maximum neuromuscular block after miva- 
curium 0.1 mg kg! was 75 (18)% (range 19-98% 
block) (table I). The mean individual ED,, dose of 
mivacurium calculated from these maximal re- 
sponses was 139 (34) ug kg? (table I). 

The computer maintained neuromuscular block 
within a range of 85-99% after 5.5 (5) min from 
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Fic. 1. Correlation between onset time of mivacurium 0.1 mg kg™! 
and age. Onset time =0.14xage+2.2 min; r=0.626; P= 


0.0024. 

100 600 

80 500 
400 i 
2 = 
on 300 3 
= @ 
z 40 G 
200 A 

20 100 

0 0 
0 10 20 30 

100 600 

80 500 
400 a 
ae a 
m 300 3 
2 40 a 
200 A 

0 Q 
0 10 20 30 
Time (min) 


Fic. 2. Time-course of targeted 95% (upper graph) and 50% 

(lower graph) neuromuscular blocks (NMB) (upper curves) and 

the cumulative infusion requirement (dose) of mivacurium (lower 

curves) (mean, SEM). Note that the targeted neuromuscular block 

was maintained relatively stable within a few minutes of the block 
first passing the target value. 


commencement of the computer-controlled infusion 
of mivacurtum. When the target neuromuscular 
block was set to 95% or 50%, the average neuro- 
muscular blocks were 94.5 (0.4)% or 49.5 (1.3)%, 
and mean (SD) from target 3.4 (1.2) % or 8.1 (2.7) %; 
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Fic. 3. Correlation between age of child and infusion requirement 
for mivacurium to maintain a 50% (upper graph) and a 95% 
Gower graph) neuromuscular block (NMB). The younger the 
child, the greater the infusion requirement. 50% NMB: I®,, = 
— 17 x age +470 pg kg! h?}; r= 0.505; P = 0.0197. 95% NMB: 
IS s = —33 x age +1180 pg kg h-}; r = 0.424; P = 0.0553. 


respectively. Mean durations of mivacurium infusion 
for the two blocks were 46 (12) min and 47 (17) min, 
respectively. Neuromuscular function recovered 
from 5% to 50% of the baseline function within 5 
(1) min after re-setting of the target block to 50%. 
After cessation of the computer-controlled infusion 
at the end of surgery, neuromuscular function 
recovered from 50 to 100% in 6 (2) min. 

Infusion requirement of mivacurium to maintain 
a 95% neuromuscular block averaged 950 
(350) ug kg h+, This represents an hourly require- 
ment of 6.8 (1.6) individual ED,, doses (table I). 
Infusion requirement of mivacurium to maintain a 
50 % neuromuscular block was 350 (150) pg kg hœ. 
Figure 2 shows a time-course of the mean neuro- 
muscular block targeted to 95% and 50%, and 
simultaneous cumulative infusion requirements of 
mivacurium. There was a negative correlation be- 
tween age and infusion requirement of mivacurium 
to maintain a 50% neuromuscular block: infusion 
requirement decreases by 170 (70) ug kg-t h-~! for 
every 10 yr of age (P = 0.0197). Age appeared to 
correlate also with infusion requirement of miva- 
curium to maintain a 95% neuromuscular block 
(P = 0.0553) (fig. 3). 
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DISCUSSION 


Previous studies of mivacurium infusion in paedi- 
atric patients have used open control of infusion 
[3,4] and during the first 15 min of mivacurium 
infusion, frequent adjustments of rate have been 
required. In the present study, it took an average of 
5 min for the controller to find a relatively steady 
response at 95% or at 50% neuromuscular block. 

During nitrous oxide in oxygen and alfentanil 
anaesthesia, children required an average of miva- 
curium 950 ug kg? h™ (16 ug kg“! min“) to main- 
tain a 95% neuromuscular block. This rate is 
similar to that reported earlier for children during 
open control of mivacurium infusion [3, 4]. It seems, 
therefore, that use of a computer-controlled infusion 
device does not confer smaller requirements for 
mivacurium than a conventional infusion device. 
Also, the variability of individual infusion require- 
ments (a 40% coefficient of variation) and the 
range of individual infusion rates (four- to five-fold 
differences) were similar to those of earlier studies 
using a conventional infusion service. 

We included a greater age range of patients in our 
study than have previous paediatric infusion studies 
(1-15 yr vs 2-10 or 2-12 yr [3, 4]). Our finding of a 
significant correlation between infusion requirement 
and age is clinically important. All studies have 
found that children require greater infusion rates of 
mivacurium than adults [9, 10]; it is not clear why 
younger children required even greater infusion 
rates than older children. Mivacurium is degraded 
by plasma cholinesterase; this enzyme has similar 
activity in the age range from young infants to 
adolescents [11], therefore variations in its activity 
cannot be used to explain the greater maintenance 
requirement of mivacurium in children. There may, 
however, be routes of elimination of mivacurium 
other than via degradation by this enzyme [3]. 
Plasma clearance of mivacurium, in common with 
that of atracurium [12], may, indeed, be greater in 
children than in adults and result in greater main- 
tenance requirements when these are calculated on a 
body weight basis. However, it is noteworthy that 
the infusion rate when calculated as mg m™* h™ was 
not related to patient age (r = 0.088, P = 0.704), and 
does not differ between children and adults. 

We tried to clarify further maintenance require- 
ments of mivacurium in children. To do this, we 
calculated an hourly infusion requirement for a 95% 
neuromuscular block as a fraction of an individual 
ED,, dose (infusion rate/ED,, dose). An hourly 
infusion requirement of mivacurium for a 95% 
neuromuscular block was 6.8 (1.6) individual ED,, 
doses. It is of great interest that a similar value can 
be derived from adult studies [9, 13]. These results 
suggest that the greater infusion requirement of 
mivacurium in childhood is related to a single dose 
requirement—that is, to the potency of mivacurium 
in children. When the potency is taken into account, 
children require amounts of mivacurium per unit 
time similar to those for adults. 

We could not find any correlation between age of 
child and infusion requirement when the latter was 
calculated as a fraction of individual ED,, dose (r = 


235 


0.286, P = 0.208). Earlier, we found hourly require- 
ments of 0.4-0.6 individual ED,, doses to maintain a 
95 % neuromuscular block with a long-acting neuro- 
muscular blocking agent (alcuronium or pan- 
curonium [14, 15]) and 1.8-2.0 individual ED,, doses 
for drugs with intermediate duration of action 
(atracurium or vecuronium [16, 17]). It seems, there- 
fore, that a fractional figure representing the number 
of individual ED,, doses of a particular neuro- 
muscular blocking agent required hourly to maintain 
a 95% neuromuscular block can effectively differ- 
entiate the duration of action of these agents. 

We found a somewhat greater value for ED,, doses 
of mivacurium in our children than those published 
previously (139 vs 103 and 110 pg kg™ [1, 2). The 
method that we used to estimate individual ED,, 
doses [8] should be reliable and result in correct 
dose-response estimates. The most likely explan- 
ation for the apparent difference between these 
doses is the method by which original dose-response 
calculations were utilized [18]. If the ED,, doses of 
mivacurium in children are recalculated from pre- 
vious studies [1, 2] using only data from the patient 
groups who did not have 100% neuromuscular 
block, then ED,, doses are 130-140 ug kg™. Our 
results were very close to these values, and indicate 
that the ED,, dose for mivacurium in children is 
twice that in adults [13]. 

The mivacurium requirement to maintain a 50% 
neuromuscular block has not been evaluated pre- 
viously. We found a requirement of 350 ug kg? ht, 
which is 37 % of the dose of mivacurium required to 
maintain a 95% block. If an infusion rate—-response 
curve is drawn for mivacurium, it has a slope of 3.8 
(0.8) probit logt. This is less than the slope for a 
single-dose dose-response curve (6.5 probit log‘), 
but comparable to that for atracurium infusion in 
adults [19]. Receptor binding characteristics may 
explain this difference in slopes: during a bolus 
administration, a competitive neuromuscular blocker 
may favour block of separate receptors as a conse- 
quence of greater affinity to one of the two a- 
subunits in the neuromuscular receptor [20]. During 
infusion administration, effects of time constants on 
receptor binding are minimized and some of the 
molecules of blocker may be “wasted” by binding to 
d-units the counterparts of which are already 
occupied. Thus the ratio I®,,:J%,, (IS = steady- 
state rate of infusion) is greater than the ratio 
ED,,;:ED,,., resulting in a less steep slope for an 
infusion rate-response curve than for a dose- 
response curve. 

In this study, we found a significant correlation 
between age and onset time of mivacurium. This 
finding corroborates previous studies in which onset 
time of different neuromuscular blocking agents has 
been evaluated in paediatric patients [21, 22]. Young 
children circulate their blood volume in less than 
30s, compared with 1 min in older children [23]. 
This may explain, in part, a shorter onset time in 
younger children. At the end of anaesthesia, we did 
not use anticholinesterase agents to antagonize 
residual neuromuscular block; nevertheless, spon- 
taneous recovery of neuromuscular block was 
complete in a shorter time than in adults [13]. This 


236 


reflects the short recovery index and greater spon- 
taneous recovery rate of the neuromuscular function 
after use of mivacurium [4, 13], and may be related 
to increased clearance of mivacurium in children 
compared with adults. 

In conclusion, a computer-controlled infusion of 
mivacurium was easy to use in children aged 1-15 yr. 
The controller reached the targeted neuromuscular 
block within 5 min of the start of the infusion. 
Infusion requirement was greatest and onset time 
least in younger patients. 


APPENDIX 


MODEL-DRIVEN COMPUTERIZED INFUSION OF 
MIVACURIUM 


A two-compartment, open mammillary model with a hypothetical 
effect compartment linked to the central compartment was 
assumed to represent a valid model for the pharmacokinetics of 
mivacurium [24,25]. The integrated pharmacokinetic and 
pharmacodynamic model we used consists of two formulae (both 
given as a function of time, t), one representing the relationship 
between the function for drug input, I(t), and the concentration of 
the drug in the effect compartment, C,(1): 


C(t) = dr’ G(t—r’) I(r’) (1) 
Q 


and one representing the relationship between concentration C,(1) 
and effect E(t) [26]: 


_ Bmax[C,(2)]” 
KUS C? +ICLOP ) 


The function G(t) is given by the effect compartment con- 
centration after bolus administration of a unit dose [27]: 
eu, Bop tad ko 
Ry —% Rk —B (a—k,,) (B—Rk,,) 





aw =| 
(3) 


where A and B = zero-time intercepts; œ and f = exponential 
disposition rate constants describing the decay of plasma con- 
centrations C(t) after bolus administration of a unit dose 
[Cp(t) = Ae#+ Be]; k = elimination rate constant for the 
effect compartment; Emax = maximum effect; C, = concentration 
at half-maximal effect; y =a value describing the steepness of 
the concentration-response curve. 

The initial values used for the variables were as follows: 
A= 5.2 x 10° mg kg`! litre; body weight (kg) B= 
6.8 x 10“ mg kg” litre!; body weight (kg), « = 0.87 min“, f = 
0.12 min“, k,, = 0.13 min“, Emax = 100% (T1 0% from con- 
trol); C, = 0.1 mg litre’; y = 3.5. The initial values were selected 
on the basis of previous computer simulations. 

By applying the superposition principle, it is possible to 
calculate the concentration of mivacurium in the effect com- 
partment at any moment and during any drug administration 
scheme. Equations (1) to (3) give a full description of the drug 
input-effect relationship. Given a target, equation (2) may be 
solved for the necessary concentration in the effect compartment. 
The pharmacokinetic model, equation (1), may be used subse- 
quently for the calculation of the drug input function [28]. 

If the measured neuromuscular block was within 2% of the 
desired neuromuscular block, an infusion scheme was used to 
maintain the current effect of mivacurium, as predicted by the 
pharmacokinetic-dynamic model (formulae (1) and (2)). Other- 
wise, the difference between the measured and predicted neuro- 
muscular block was used to correct the model variables. The 
updated values were used to calculate the new infusion scheme for 
achieving and maintaining the desired neuromuscular block. This 
cycle was performed every 20 s. Adjustment of the variables of the 
pharmacokinetic-dynamic model was begun 2 min after activation 
of the closed-loop system. 
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ADAPTATION ALGORITHM 


It is apparent that equation (2) is scale invariant with respect to 
the transformation (C,,C,)>(AC,,AC,) for any number å # 0. 
Consequently, the insertion of equation (1) to equation (2) does 
not depend on A, B and C,, but only on the ratios A/C, and B/C,, 
thus allowing an estimate not of clearance or volume of 
distribution, but only of the microconstants kio k,,, ka, and the 
amount of drugs in diverse compartments. This is, however, 
sufficient for determining the drug input function. A complete 
adaptation would require the estimation of A/C,, B/C,, % Bs Reo: 
We chose to update during the feedback control only the variables 
A/C, and B/C,. This allowed adaptation of the initial bolus to 
achieve a certain effect (short term control) and the steady state 
infusion rate to maintain the given effect (long term control). 
The effect E may be regarded as a function of A and B and the 


drug input I(t): E(t) = E(A,B,I(1)) 


Denoting by 4+6A and B+ ôB the true hybrid constants for an 
individual subject, the difference between measured and predicted 
effect (AB) can be expanded in a Taylor series, as follows: 


AE = E(A+6A,B + 6B,I(t)) —E(A,B,I(t)) 
= (06/0A) 5A + (0E/0B) ôB +... (4) 


In conjunction with the condition to minimize the expression 
6A*+ 6B*, equation (4) was used to solve for 6A and dB. A change 
in the range of +10% of the previous values was allowed in each 
update. From the updated values, new microconstants were 
calculated that served to correct the drug input function. 


CONTROLLER PERFORMANCE 


Controller performance was measured by calculating the mean 
offset from target and mean sp from target during feedback 
infusion. Feedback infusion was said to begin when block returned 
from overshoot to target of 95% after the initial bolus. The 
variables describing the controller performance were calculated 
for two periods: the first lasted from the beginning of the feedback 
infusion until the target was changed to 50%; the second lasted 
from the time when neuromuscular block of 50% was reached for 
the first time after the change of target until the closed-loop 
control was relinquished at the end of surgery. Both variables 
were calculated every 20 s. Mean offset was calculated by: 


Mean offset = }, (s—b,)/n 
i-1 
where s = set-point (target); 6, = neuromuscular block measured 
every 20s during feedback infusion; n = number of measure- 
ments. 
Mean sp from target was sD for mean offset defined above. 


ASYMPTOTIC STEADY-STATE RATE OF INFUSION OF 
MIVACURIUM 


To estimate the asymptotic steady-state rate of infusion of 
mivacurium (I®), we used non-linear curve-fitting to fit the 
following formula to the curve representing the cumulative dose 
requirement of mivacurium [29]: 


Cumulative dose of mivacurium = D(1 — e*) + I®t 


where D = amount of mivacurium contained its apparent dis- 
tribution volume; k = relative rate of distribution of mivacurium; 
I® = asymptotic steady-state rate of infusion of mivacurium; t = 
duration of mivacurium administration. 
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EFFECT OF PREOPERATIVE I. M. ADMINISTRATION OF 
DICLOFENAC ON SUXAMETHONIUM-INDUCED MYALGIA 


S. KAHRAMAN, S. ERCAN, U. AYPAR AND K. ERDEM 


SUMMARY 


We have studied the effects of preoperative admin- 
istration of diclofenac on suxamethonium-induced 
myalgia, plasma met-enkephalin-like activity (E- 
LA), prostaglandin E,-like activity (PGE,-LA), 
leukotriene C-like activity (LTC,-LA) and hist- 
amine-like activity (H-LA). Thirty-four ASA | 
patients undergoing elective ophthalmic surgery 
were allocated randomly to two groups to receive 
either saline placebo or diclofenac 75 mg i.m. 20 
min before operation, in a double-blind design. 
Anaesthesia was induced with thiopentone 5-7 mg 
kg followed by suxamethonium 1.5 mg kg and 
maintained with 67% nitrous oxide and halothane 
in oxygen. Plasma PGE,-LA, LTC,-LA, H-LA and 
E-LA were measured before premedication, 1 min 
after the administration of suxamethonium and 
24 h after operation. Muscle fasciculations, intuba- 
tion conditions and postoperative myalgia were 
graded numerically. Postoperative myalgia in the 
diclofenac group was significantly {P < 0.05) less 
(47.1%) than in the control group (76.5%). Post- 
suxamethonium and 24-h concentrations of plasma 
PGE,-LA and LTC,-LA were also significantly (P < 
0.05) greater than baseline in the control group. 
Plasma H-LA was increased in both groups after 
suxamethonium and this increase was significant 
(P < 0.05) in the control group. We conclude that 
diclofenac reduces significantly the incidence and 
intensity of suxamethonium-induced myalgia. (Br. 
J. Anaesth. 1993; 71: 238-241) 
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Analgesics: diclofenac. Complications: myalgia. Neuromuscular 
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Several methods have been suggested to prevent 
suxamethonium-induced muscle pain or to decrease 
its severity ; the most common is pretreatment with a 
smali dose of a non-depolarizing neuromuscular 
blocking drug before induction of anaesthesia. 
However, this method is not free of problems such as 
difficulty with intubation and prolonged neuro- 
muscular paralysis [1-3]. 

Diclofenac is a potent inhibitor of prostaglandin 
synthesis and belongs to the group of non-steroidal 
anti-inflammatory drugs (NSAID) [4]. I.m. diclo- 
fenac 75 mg is known to be efficient for the relief of 
pain in adults [4]. It has been shown also that 
diclofenac, administered i.m. as single doses of 


50-100 mg daily, is an effective analgesic for dental 
or minor surgical pain, postpartum pain and head- 
ache [4]. Absorption is rapid after i.m. admin- 
istration, with peak plasma concentrations occurring 
in about 10-30 min [4]. 

In this study we have evaluated the prophylactic 
effect of diclofenac on suxamethonium-induced 
myalgia and on analgesia (met-enkephalin-like 
activity (E-LA)) and pain mediators (prostaglandin 
E,-like activity (PGE,-LA), leukotriene C,-like 
activity (LTC,-LA) and histamine-like activity 
(H-LA) of plasma). 


PATIENTS AND METHODS 


We studied 34, ASA I adult patients undergoing 
elective ophthalmic surgery (blepharoplasty, dacryo- 
cystorhinotomy and plastic repair of the socket). 
Exclusion criteria included suspected neuromuscu- 
lar, hepatic or neural disease, anticoagulant therapy, 
abnormal bleeding tendency, a history of peptic 
ulceration, known sensitivity to diclofenac and 
concurrent analgesic medication. Patients gave in- 
formed verbal consent to the study, which was 
approved by our Ethics Committee. 

Patients were allocated randomly to two groups. 
Group 1 (n= 17) received saline 2ml i.m. as 
premedication and group 2 (n = 17) received diclo- 
fenac (Voltaren, Ciba—Geigy) 75 mg (~ 1.5 mg kg?) 
im. in the gluteal muscle 20 min before operation. 
The study was conducted in a double-blind fashion. 
A venous blood sample (baseline) was obtained 
before this premedication. 

A standard anaesthetic technique was used in all 
patients. General anaesthesia was induced with 
thiopentone 5-7 mg kg“ and maintained with 67% 
nitrous oxide and halothane (end-tidal concentration 
0.5%) in oxygen. A second blood sample (post- 
suxamethonium) was obtained 1 min after a bolus 
dose of suxamethonium 1.5 mg kg“ and the trachea 
was immediately intubated. A non-depolarizing 
neuromuscular blocking drug of appropriate dur- 
ation of action was administered when controlled 
ventilation of the lungs was required. 
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SUXAMETHONIUM-INDUCED MYALGIA 


The intensity of visible fasciculations after suxa- 
methonium was graded as: nil (absent); mild (fine 
fasciculations of the eyes, face, neck or fingers 
without movement of the limbs); moderate (obvious 
muscle twitching at more than two sites or movement 
of limb); severe (vigorous, sustained and widespread 
fasciculations), Intubation conditions were graded 
as: excellent (easy and no reaction); adequate (vocal 
cord movements present); fair (vocal cord move- 
ments and moderate reaction); poor (impossible 
without supplementation). 

Blood samples for analysis of plasma PGE,-LA, 
LTC,-LA, H-LA and E-LA were obtained before 
premedication, 1 min after administration of suxa- 
methonium, and 24h after operation. Within 1 min 
of being taken they were centrifuged at 4°C. Rat 
fundus muscles were used for assay of PGE,-LA and 
guineapig ileal smooth muscles were used for the 
assays of LTC,-LA, E-LA and H-LA. 

Patients were visited 24h after operation and 
questioned about the degree of myalgia, which was 
graded as: nil (absence of pain); mild (muscle 
stiffness or pain (on specific questioning) in the nape 
of the neck, shoulders, and lower chest on deep 
breathing); moderate (muscle stiffness and pain 
complained of by the patient spontaneously, re- 
quiring analgesia); severe (incapacitating generalized 
muscle stiffness or pain). 

Surgeons were asked about any intra- and post- 
operative bleeding or other side effects. Post- 
operative nausea, vomiting, local reaction or pain at 
injection site, analgesic requirements and mobility 
were also recorded. 

Data were analysed by analysis of variance. 
Intubating condition, fasciculation and myalgia 
scores were analysed by Mann-Whitney U test. P < 
0.05 was considered significant. 


RESULTS 


There was no significant difference between patient 
characteristics in the two groups (P > 0.05) (table I). 

Premedication with diclofenac was associated with 
a significant reduction in the intensity of myalgia, 
but not the intensity of visible muscle fasciculations 
(P < 0.05). There was no correlation between the 
degree of visible fasciculations and the occurrence of 
muscle pain (P > 0.05). Among the patients given 
diclofenac, only one (56.9%) felt severe pain 24h 
after operation, one (5.9%) had moderate pain, six 
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(35.3%) had mild pain and nine (52.9%) had no 
pain. Three (17.7%) patients in the control group 
had severe pain, four (23.5 % ) had moderate pain, six 
(35.3 %) had mild pain and four (23.5 %) were free of 
pain (fig. 1). 

Intubating conditions were poor in two (11.8%) 
patients, adequate in one (5.9 %) and excellent in 14 
(82.3%) in the control group; poor in one (5.9 %), 
fair in one (5.9%) and excellent in 15 (88.2%) 
patients in the diclofenac group. These differences 
were not significant (P > 0.05). 

Plasma PGE,-LA was increased significantly in 
the control group, from 12.91 (sz 1.6) ng ml"! 
(baseline) to 15.21 (2.3) ng ml (P < 0.05) after 
suxamethonium and to 16.13 (2.7) ng ml! (P< 
0.05) at 24 h after operation. In the diclofenac group 
there was an insignificant increase after suxa- 
methonium (from 12.75 (2.0) ng ml“ to 14.60 (2.4) 
ng mi?) (P > 0.05) which remained almost un- 
changed (P > 0.05) 24h after operation. 

Plasma LTC,-LA was also increased significantly 
in the control group, from the baseline value of 8.17 
(1.4) ng mi™ to 10.47 (2.0) ng ml“! (P < 0.05) after 
suxamethonium, but decreased to 8.76 (1.5) ng ml} 
24h after operation. Plasma LIC,-LA in the 
diclofenac group was initially 7.44 (1.9) ng ml“, 
increased to 8.33 (1.5) ng ml“ after suxamethanium 
and decreased to 7.5 (1.5) ng ml“ (not significant). 

Plasma H-LA was increased in both groups after 
administration of suxamethonium. While the in- 
crease (from 26.8 (2.8) ng ml“ to 31.9 (2.8) ng ml“) 
in the control group was significant (P < 0.05), that 
in the diclofenac group (from 31.0 (5.1) ng ml to 


TABLE I. Patient characteristics (mean (range or SD)) 


Group 1 Group 2 
(Control) (Diclofenac) 
n 17 17 
Age (yr) 33.47 (20-59) 31.13 (23-50) 
Weight (kg) 58.33 (15.8) 59.13 (14.0) 
Sex (M/F) 7/10 9/8 
Operation 
Blepharoplasty 8 7 
Dacryocystorhinotomy 8 8 
Plastic repair of the l 2 
socket 
Duration of operation 40.6 (14.1) 33.7 (13.5) 
(min) 
Duration of anaesthesia 63.0 (18.9) 55.7 (17.6) 
(min) 


NII Mild Moderate Severe 


Nil Mild Moderate Severe 
Myalgia 


Fic. 1. Frequency of visible muscle fasciculations and postoperative myalgia after administration of suxamethonium 
in group 1 (control) (W) and group 2 (diclofenac) (CJ) (mean, sR). 
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34.6 (4.2) ng ml) was not. H-LA values after 
operation (30 (2.6) ng ml™ in the control group; 30.7 
(3.1) ng ml? in the diclofenac group) were not 
significantly different from baseline in both groups. 

Baseline plasma E-LA in the control and diclo- 
fenac groups were 2.24 (0.4) ng ml“ and 2.0 (0.3) ng 
mi-i, respectively, increasing to 2.79 (0.5) ng mi“ 
and 2.32 (0.3) ng mi 1, respectively, after suxa- 
methonium (P < 0.005 both groups). At 24h after 
operation, values had returned to baseline in the 
diclofenac group (2.23 (0.4) ng ml“), but remained 
increased (2.68 (0.5) ng ml‘ (P <0.05)) in the 
control group. 

Differences in values of each mediator (plasma 
PGE,-LA, LTC,-LA, H-LA and E-LA) between 
the control and diclofenac groups were not sig- 
nificant (P > 0.05). 

No patient received any analgesic or opioid drug 
during the anaesthetic and postoperative period and 
administration of diclofenac was not associated with 
bleeding or side effects. None of the patients 
complained of pain at the injection site. On the first 
night after operation, all patients were confined to 
bed and the next morning they were permitted to 
mobilize. All were fully active within 30h and 
discharged within 48 h. 


DISCUSSION 


The most common side effect of suxamethonium is 
probably muscle pain which resembles the aches 
experienced after unaccustomed exercise. 

Although there is often biochemical evidence of 
muscle damage, with increased plasma concen- 
trations of creatinine kinase and myoglobin after 
administration of suxamethonium [5, 6], no obvious 
relationship between pain and biochemical changes 
has been found [5,7]. There is also no direct 
correlation between visible muscle fasciculations and 
incidence of muscle pains [1, 8]. Collier has reported 
previously a transient decrease in the serum con- 
centration of calcium 1 min after administration of 
suxamethonium to patients who experienced muscle 
pains. He postulated that influx of calcium into the 
muscle caused an increase in muscle damage and 
pain [9]. Jackson, Jone and Edwards showed, in 
vitro, that excessive repetitive contractile activity 
was associated with increased calcium uptake, ac- 
tivation of phospholipase A2, generation of arachi- 
donic acid and synthesis of prostaglandins [10] which 
may induce delayed-onset inflammation [11, 12]. 
McLoughlin, Nesbitt and Howe reported a sig- 
nificant reduction in suxamethonium-induced my- 
algia with soluble aspirin 600 mg given 1h before 
operation, and suggested that prostaglandins were 
responsible for the pain [13]. However, studies from 
Jackson’s laboratory have suggested that lipo- 
oxygenase products are mediators of calcium- 
induced intracellular enzyme efflux from skeletal 
muscle [10, 14], whereas myalgia may be mediated 
by cyclo-oxygenase products. 

In this study, we found that preoperative admin- 
istration of diclofenac 75mg reduced suxa- 
methonium-induced muscle pain significantly and 
did not interfere with intubating conditions. There 
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was no correlation between myalgia and the extent of 
visible fasciculations. Although patients in the 
diclofenac group appeared to have more severe 
fasciculations, this was not statistically significant. 

Blood sampling times were chosen as 1 min after 
administration of suxamethonium (at which time a 
significant decrease in plasma calcium concentration 
has been demonstrated [9]) and 24 h after operation 
(when muscle pains are known to be manifest and a 
marked increase in plasma creatinine kinase con- 
centration has been reported [5]). 

Prostaglandins, leukotrienes and histamine are 
known to potentiate nociceptive agents and also the 
formation of oedema [11]. Small doses of PGE,, in 
particular, appear to sensitize the pain receptors to 
stimulation by touch, histamine or bradykinin [15]. 
PGE, also potentiates the oedema-producing ca- 
pacity of histamine and bradykinin [11,16]. We 
observed an increase of 17% in plasma PGE,-LA 
and 28 % in plasma LTC,-LA after suxamethonium 
in the control group in whom there was a high 
incidence of myalgia. The comparable increase in 
these substances was not significant in the treatment 
group, showing a protective effect of diclofenac 
against a suxamethonium-induced inflammatory re- 
sponse, although the correlation between myalgia 
and changes in PGE,-LA and LTC,-LA does not 
imply a direct cause-effect relationship. We observed 
similar changes in both LTC,-LA and PGE,-LA; as 
reported previously, NSAID may block both cyclo- 
oxygenase and lipo-oxygenase pathways [4, 12]. The 
protective effect of diclofenac was only partial, 
suggesting that other substances, such as histamine 
which was increased in both groups, may affect 
vasodilatation and oedema formation. This increase 
in plasma H-LA after administration of suxa- 
methonium was significant in the control group, 
suggesting an effect of the relatively large concen- 
trations of prostaglandins which have been suggested 
previously to release histamine from mast cells [17]. 

Noxious stimulation is known to be an important 
activator of the normally quiescent endogenous pain 
suppression system [18,19], causing direct stimu- 
lation of peripheral B-endorphin [20, 21] and met- 
enkephalin [22]. It has been suggested that excessive 
secretion of endogenous opioids in response to pain 
and stress might be associated with “‘spill-over” of 
opioid peptides into the systemic circulation, with 
the possibility that their concentration in plasma 
may be taken as an indicator [23]. In agreement with 
these studies, we observed a significant increase in 
plasma E-LA after induction of anaesthesia in both 
groups. The persisting increased enkephalin-like 
activity in the control group after operation may be 
explained by the relatively great concentrations of 
the potent hyperalgesic mediators, PGE, and LTC,. 
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ACCELERATED CONTRACTURES AFTER ADMINISTRATION OF 
RYANODINE TO SKELETAL MUSCLE OF MALIGNANT 
HYPERTHERMIA SUSCEPTIBLE PATIENTS 


C. LENZEN, N. ROEWER, F. WAPPLER, J. SCHOLZ, J. KAHL, M. BLANK, 
E. RUMBERGER AND J. SCHULTE AM ESCH 


SUMMARY 


A genetic disorder of the calcium releasing ryano- 
dine receptor has recently been postulated in 
malignant hyperthermia (MH) and ryanodine- 
induced contractures differ between subjects who 
are malignant hyperthermia susceptible (MHS) and 
non-susceptible (MHN). We tested 39 patients 
from 26 families for MH, using the procedure of the 
European Malignant Hyperthermia Group. A ryano- 
dine contracture test was performed by both 
cumulative (0.4-10.0 umol litre every 3 min) and 
bolus (10.0 umol litre-') application. Contracture 
with cumulative ryanodine application started sig- 
nificantly earlier in MHS (9.6 (SEM 0.5) min) than 
in MHN patients (24.6 (1.3) min). A significant 
difference in start of contracture between MHS (4.8 
(0.6) min) and MHN (14.5 (0.6) min) patients 
occurred also after bolus application of ryanodine. 
The ryanodine contracture test seems to be a 
potentially specific in vitro diagnostic test for MH. 
(Br. J. Anaesth. 1993; 71: 242-246) 


KEY WORDS 
Hyperthermia: malignant, ryanodine contracture tast. 


A sudden increase in myoplasmic calcium con- 
centration is thought to be the initial event in the 
hypermetabolic reaction of a malignant hyper- 
thermia (MH) crisis. The genetic disorder of MH is 
therefore thought to be in calcium regulation [1-4]. 
The ryanodine receptor has been shown to be 
identical with the calcium release channel of the 
sarcoplasmic reticulum (SR) [5-8]. In swine, the 
ryanodine receptor is different in MH-susceptible 
(MHS) and non-susceptible (MHN) individuals 
[9-14]. In humans, the genetic localization of the 
ryanodine receptor is in the MHS region of gene 19- 
ql2-13.2. [15,16]. It was reported recently that 
ryanodine-induced contractures are able to differ- 
entiate between MHS and MHN individuals, and 
therefore might provide a potentially specific in vitro 
diagnostic test for MH [17, 18]. 


PATIENTS AND METHODS 


We studied 39 patients from 26 families (21 male and 
18 female; 33 adults and six children, ages 6—61 yr) 
with clinically suspected MH. After physical ex- 


amination, a personal and family history, and written 
consent for the different tests were obtained from all 
patients. Plasma creatinine kinase concentration was 
measured after a 24-h resting period. Adult muscle 
biopsies were obtained under regional anaesthesia 
(3-in-1 block) with 1% prilocaine 40 ml as out- 
patients. Child muscle biopsies were obtained under 
general anaesthesia with alfentanil, midazolam, 
nitrous oxide and oxygen. Two or three muscle 
bundles were excised carefully, avoiding trauma. 
The excised muscle samples were placed in a 
container filled with Krebs—Ringer solution equi- 
librated with Carbogen (95% oxygen-5% carbon 
dioxide) and transported to the laboratory immedi- 
ately. The specimens were divided into four to 
eight strips approximately 15-25 mm x 2-3 mm and 
weighing approximately 80-200 mg. All areolar 
tissue and fat were removed carefully. 

The muscle strip was secured with silk sutures to 
a fixed point and a force displacement transducer 
(TF 3V 100 inductiv, W. Fleck, Mainz, Germany). 
The whole system was placed in a 80-ml organ bath. 
Isometric tension was amplified (Gould, Cleveland, 
Ohio, U.S.A.) and recorded with a polygraph (TA 
200, Gould). Supramaximal electrical stimulation 
via platinum electrodes was undertaken with a 
square-wave stimulator (Grass Stimulator SD 9, 
Quincy, Mass., U.S.A.), using a duration of 1 ms 
and frequency of 0.2 Hz. The initial baseline tension 
was set at 2 g. Two muscle strips were investigated 
simultaneously. 

After at least a 10-min period of steady baseline 
recording, halothane 0.11~—0.22—0.44 mmol litre or 
caffeine 0.5~1.0~—1.5—2.0—3.0—4.0-32.0 mmol litre? 
was added according to the procedure of the Euro- 
pean Malignant Hyperthermia Group (EMHG), 
incremently every 3min. Ryanodine was also 
added incremently (0.4-0.8-1.6-10.0 pmol litre“) 
every 3 min or as a bolus (10.0 umol litre). The 
organ bath with ryanodine was observed for at least 
70 min after maximal concentration. 
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Ryanodine 10 umol litre"! 


Fic. 1. Effects of ryanodine bolus application (10.0 umol litre!) on contracture development in skeletal muscle 
preparations of MH-susceptible (MHS, upper curve) and MH non-susceptible (MHN, lower curve) patients. 
(Original recordings of a representative specimen.) 


The in vitro caffeine—halothane contracture (CHC) 
test gave the caffeine and halothane threshold for 
each patient. Patients were classified according to the 
criteria of the EMHG as follows: 

MHS = A caffeine threshold at a caffeine concen- 
tration of 2.0 mmol litre! or less, and a halothane 
threshold concentration at 0.44 mmol litre or less. 
MHN =A caffeine threshold at a caffeine con- 
centration of 3 mmol litre or more and a halothane 
threshold concentration greater than 0.44 mmol 
litre}. 

MHE = All other results deemed equivocal. 

For the ryanodine groups, three contracture points 
were established as a threshold time and not as a 
threshold concentration: the start of contracture, a 
contracture of 0.2 g and a contracture of 1.0 g. 

Composition of the Krebs—Ringer solution was 
(mmol litre): NaCl 118.1; KCI 3.4; CaCl, 2.5; 
MgSO, 0.8; KH,PO, 1.2; NaHCO, 25.0; glucose 
11.1. Temperature was constant at 37°C, pH was 
7.4, and carbogen was bubbled into each organ bath 
continuously. 

The following chemicals were used: caffeine 
(Sigma Chemie, Deisenhofen, Germany), halothane 
(Hoechst AG, Frankfurt, Germany), ryanodine 
(Merck, Sharpe and Dohme, Rahway, N.J., U.S.A.). 
All other substances were “pro analysi”’ or best 
purity available. Solutions were mixed every day in 
carbonated Krebs-Ringer solution at 37°C and 
added directly to the organ bath. Halothane was 
added to the carbogen from a calibrated vaporizer 
(Drager, Lübeck, Germany). Halothane concen- 
tration was measured with an anaesthetic gas monitor 
(Normac, Datex, Helsinki, Finland). Bath concen- 
tration of halothane was determined by gas chroma- 
tography. 

All data are presented as mean (SEM). Statistical 
analysis was by Student’s t test for unpaired samples. 
Results were considered significant at P < 0.05. 


RESULTS 


Twenty-three subjects were classified as MHS and 
10 as MHN by EMHG criteria. Figure 1 shows a 
typical MHS and MHWN muscle contracture curve. 
After ryanodine bolus application (10.0 pmol litre?) 
the start of contracture was earlier in the MHS than 
in the MHN muscle specimen. The results from 


individual contracture curves are shown in tables I 
and II. 

In the MHS group, contracture with cumulative 
ryanodine started after 9.6 min and reached 0.2 g 
after 18.2min and 1.0g after 27.9min. These 
contractures were reached significantly later in the 
MHN group: 24.6 min, 36.8 min and 45.0 min, 
respectively. Start of contracture occurred between 
5.5 and 14.0 min in the MHS group and between 
20.5 and 31.5 min in the MHN group. However, 
when contracture reached 0.2 g or 1.0 g, there was a 
small overlap between groups (table J). 

During cumulative application of ryanodine, 
muscle contracture started at a time when the 
maximum concentration of ryanodine (10.0 pmol 
litre*) had already been added to the organ bath. 
Thus it was presumed that an incubation time of 
3min for each concentration was not enough to 
reach maximum effect, and in additional experi- 
ments, a bolus application of ryanodine 10.0 umol 
litre? was made. Both MHS and MHN groups 
attained contractures significantly earlier after bolus 
than after cumulative application: at 1.0-11.0 min in 
the MHS group and at 12.0-17.0 min in the MHN 
group (table I). Again, there was a small overlap 
between groups when contractures reached 0.2 g or 
1.0 g (table I). 

Table II shows individual data for six MHEc 
patients. In four patients, both a cumulative and a 
bolus ryanodine contracture test were performed; in 
two only a bolus application of ryanodine was 
performed. Using the range of values given in table 
I, patient No. 2 could be classified as MHS, patient 
No. 4 as MHN and the remainder as equivocal with 
the cumulative ryanodine test. With the bolus test, 
patients Nos 2, 3, 5 and 6 could be classified as MHS 
and patients Nos 1 and 4 as MHN. 


DISCUSSION 


The primary defect in MH is thought to be in 
calcium regulation, at least of skeletal muscle [1, 2]. 
The defect is located in the calcium releasing channel 
of the sarcoplasmic reticulum [3, 4]. Biochemical 
investigations have shown abnormal changes in the 
ryanodine receptor of MHS pigs compared with 
MHN (9-11, 13, 14]. Fujii and colleagues [9] showed 
a single point mutation in the porcine ryanodine 
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TABLE I. Contracture course and thresholds after cumulative (0.4~10.0 umol litre? every 3 min) and bolus application 
(10.0 umol litre- ® of ryanodine in skeletal muscle preparation of malignant hyperthermia susceptible (MHS) and non- 
susceptible (MHN) patients. Contractures: Begin = beginning of contracture; 0.2 g = contracture reaches 0.2g; I .0 g= 


contracture reaches 1.0 g; n.d. = not determined. Hal. = halothane; Caff. = caffeine. *P < 0.05 MHS vs MHN 








Cumulative Bolus Threshold 
(mmol litre+) 
Patient Begin 0.2 g 1.0g Begin 0.2g 1.0g — 
No. (min) (min) (min) (min) (min) (min) Hal. Cafi. 
MHS 
1 n.d. n.d. n.d. 6.0 10.0 15.0 0.11 1.0 
2 10.0 19.0 33.0 2.0 9.0 21.0 0.22 1.5 
3 9.5 11.0 13.5 1.0 2.5 4.0 0.22 1.0 
4 10.5 20.5 24.5 11.0 15.0 21.0 0.22 1.5 
5 12.0 20.0 31.0 5.0 12.5 23.0 0.44 2.0 
6 8.0 17.0 26.0 6.0 11.0 18.0 0.22 1.5 
7 14.0 22.0 37.0 7.0 14.5 24.0 0.44 1.5 
8 8.0 10.0 12.5 1.5 4.0 55 0.11 0.5 
9 8.0 15.0 38.0 2.5 21.0 34.0 0.44 0.5 
10 n.d. n.d. n.d. 10.0 16.0 23.0 0.44 2.0 
il 10.0 18.5 27.0 L5 12.0 17.5 0.44 1.0 
12 8.0 17.5 25.0 3.0 7.0 12.5 0.44 1.0 
13 8.0 17.5 27.5 6.0 10.5 24.0 0.22 1.5 
14 11.0 18.0 27.5 2.0 11.5 26.0 0.22 1.5 
15 11.0 16.5 24.0 6.0 14.0 23.0 0.44 1.0 
16 10.0 23.0 41.0 10.0 21.0 25.0 0.44 1.0 
17 10.0 17.0 25.0 2.0 12.0 27.0 0.44 2.0 
18 6.0 17.5 25.5 6.0 10.0 16.5 0.22 15 
19 5.5 25.5 37.0 1.0 10.5 30.0 0.22 1.5 
20 12.0 22.0 28.0 5.0 12.0 30.0 0.44 1.0 
21 n.d. n.d. n.d. 7.0 12.0 18.0 0.22 2.0 
22 n.d. n.d. n.d. 6.0 16.0 30.5 0.44 15 
23 n.d. n.d. n.d. 3.5 9.5 17.5 0.44 2.0 
Mean 9.6* 18.2* 27.9* 4.8* 11.9* 21.9* 
SEM 0.5 0.9 1.8 0.6 0.9 0.9 
MHN 
1 22.5 27.5 42.5 n.d. n.d. n.d. — 3.0 
2 23.0 57.0 ce n.d n.d. n.d. — 3.0 
3 31.5 43.0 60.0 16.5 21.0 27.0 — 3.0 
4 22.5 29.5 37.5 13.5 19.5 37.0 — 3.0 
5 25.0 34.0 49.0 13.0 19.0 31.0 — 3.0 
6 20.5 23.5 ee 16.0 21.0 30.5 — 3.0 
7 28.0 52.0 =< 12.0 16.0 34.0 — 4.0 
8 24.0 28.0 36.0 17.0 25.0 45.0 — 3.0 
9 n.d. nd. n.d. 13.5 18.0 24.5 — 3.0 
10 n.d. n.d. n.d. 14.5 20.5 28.5 — 3.0 
Mean 24.6 36.8 45,0 14.5 20.0 32.2 
SEM 1.3 4.4 4.4 0.6 0.9 2.3 


TABLE II. Contracture course and thresholds after cumulative (0.4-10.0 umol litre? every 3 min) and bolus application 
(10.0 umol litre ® of ryanodine tn skeletal muscle preparation of malignant hyperthermia equivocal (MHE) patients. 
Contractures: Begin = beginning of contracture; 0.2 g = contracture reaches 0.2 2; 1.02 = contracture reaches 1.0 g. 


Hal. = halothane; Caff. = caffeine. 


Cumulative Bolus Threshold 

(mmol litre+) 
Patient Begin 0.2 g 1.0g Begin 0.2 g 1.0g n 
No. (min) (min) (min) (min) (min) (min) Hal. Caff. 

MHEc 

1 18.0 23.0 33.0 15.0 20.0 27.0 — 2.0 

2 8.0 26.0 37.0 3.0 10.0 25.0 — 2.0 

3 17.5 21.5 24.5 6.0 17.5 28.5 — 1.0 

4 30.0 36.5 63 22.0 34.0 — — 2.0 

5 nd n.d. n.d. 6.0 14.5 21.5 — 2.0 

6 n.d n.d. n.d. 6.5 11.5 17.0 — 1.5 


receptor associated with MH, and genetic linkage 
studies indicate that a single point mutation of the 
ryanodine receptor may occur in humans 
[15, 16, 19]. However, other studies suggest that the 
ryanodine receptor gene is not always responsible for 
MH susceptibility [20-26]. The calcium release 
channel has been shown to be identical with the 
ryanodine receptor [5-8], but the exact mechanism of 


ryanodine-induced calcium release from SR is still 
unknown [4, 11, 13, 26,27]. The differences could 
be explained partly by concentration-dependent 
action at the receptor site: small concentrations 
would open and large concentrations (> 10 umol 
litre!) would close calcium release channels. 
Further, calcium and ATP activate the channels, 
whereas magnesium and calmodulin inactivate them 


RYANODINE CONTRACTURE TEST IN MH 


[6]. A second messenger such as inositol tris- 
phosphate (IP3) may. mediate ryanodine receptor 
function [24, 28-30]. 

The present study has shown that both cumulative 
and bolus application of ryanodine results in a 
significantly earlier development of contracture in 
muscle biopsies in MHS compared with MHN 
patients. Hopkins, Ellis and Halsall [17] noted 
contractures during cumulative application of ryano- 
dine in the MHS group, and none in the MHN 
group. We demonstrated that contracture developed 
only with the maximum concentration of ryanodine. 
A possible explanation for this contradictory finding 
could be that ryanodine from two different com- 
panies was used, having different purity and pro- 
portion of the isomers, ryanodine and 9,21- 
dehydroryanodine. Both studies enabled all patients 
to be classified as MHS and MHN in accordance 
with the CHC test. 

In this study, a bolus application of ryanodine 
10.0 umol litre? was used. Contracture in MHS 
patients again developed significantly earlier than in 
MHN patients and all patients could be classified as 
MHS or MHN. Because ryanodine is highly toxic 
(LD,;, of less than 50 mg kg“! in mammals), it may 
destroy the cells during cumulative application. 
‘Thus bolus application seems to be superior and was 
able to categorize MHE patients as MHS or MHN. 
In a previous study [17], it was possible to classify 
two MHEh patients as MHS using the ryanodine 
contracture test. Although one has to be careful in 
interpreting the data of the previous and present 
study because of the small numbers of patients, the 
ryanodine contracture test with bolus application 
seems to be a potentially specific in vitro diagnostic 
test for MH classification. 
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ISOFLURANE REDUCES MICROTUBULE-ASSOCIATED 
PROTEIN 2 DEGRADATION COMPARED WITH HALOTHANE 
DURING FOREBRAIN ISCHAEMIA IN THE RAT 


T. SUGAYA AND Y. KITANI 


SUMMARY 


One of the most prominent features of the early 
phase of cerebral ischaemia is the immunohisto- 
chemical collapse of cytoskeletal proteins. Among 
these proteins, microtubule-associated protein 2 
(MtP2) has been shown to be vulnerable to 
ischaemic injuries. In order to identify a suitable 
volatile anaesthetic on the basis of cytoskeletal 
protein breakdown during cerebral ischaemia, we 
have compared the effects of isoflurane and halo- 
thane on MtP2 degradation in rats. Under equi- 
potent isoflurane or halothane anaesthesia, fore- 
brain ischaemia was induced by occlusion of the 
bilateral common carotid artery, combined with a 
decrease in mean arterial pressure to 50 mm Hg. 
After 20 min of ischaemia, the frontoparietal cortex, 
brainstem, hippocampus and cerebellum were re- 
moved separately and homogenized. MtP2 from 
each region was measured using an enzyme-linked 
immunosorbent assay. MtP2 degradation in the 
frontoparietal cortex and hippocampus was sig- 
nificantly (P < 0.05 and P < 0.01) less with iso- 
flurane anaesthesia (75.6 (SD 10.7)% and 72.3 
(12.8)%, respectively) than with halothane (65.0 
(13.1)% and 54.7 (13.9)%, respectively). (Br. J. 
Anaesth. 1993; 71: 247-252) 


KEY WORDS 
Anaesthetics volatile: halothane, isoflurane. Brain: ischaemia. 


During ischaemia, the most vulnerable regions of the 
brain are the subiculum-CAI1 region of the hip- 
pocampus, some layers of the cerebral cortex and the 
Purkinje cell layer of the cerebellum [1]. In these 
regions, a few minutes of cerebral ischaemia selec- 
tively induces neuronal cell loss several days after the 
ischaemic insult [2,3]. In order to evaluate the 
outcome of cerebral ischaemia histopathologically, it 
is necessary to wait for several days after the 
ischaemic insult because the evolution of irreversible 
ischaemic injuries is preceded usually by a long 
interval during which morphological changes are 
subtle or absent [4]. 

In contrast, one phenomenon which occurs during 
the early phase of cerebral ischaemia is immuno- 
logical collapse of cytoskeletal proteins [5, 6]. Among 
these, microtubule-associated protein 2 (MtP2), 


which is localized typically in dendrites and neuronal 
cell bodies [7,8], has been shown immunohisto- 
chemically to be extremely vulnerable to ischaemic 
injury [5,9]. Therefore, detection of MtP2 degra- 
dation immediately after cerebral ischaemia is an 
early and sensitive marker for cerebral ischaemic 
damage, as the post-synaptic sites, the dendrites and 
neuronal cell bodies, are the most susceptible to the 
ischaemic insult [10]. 

The purpose of this study was to compare the 
effects of isoflurane and halothane on MtP2 degra- 
dation during 20 min of incomplete forebrain is- 
chaemia in the rat. 


METHODS 


This study was performed in accordance with the 
ethical principles provided by the Experimental 
Animal Laboratory of Gunma University School of 
Medicine. 

Thirty-five male Wistar rats (SLC, Hamamatsu, 
Japan), weights 270-350 g, were studied. The 
animals were allowed to eat and drink freely until the 
start of the investigation. Under equi-MAC (mini- 
mum alveolar concentration) isoflurane or halothane 
im oxygen anaesthesia, forebrain ischaemia was 
induced by occlusion of the bilateral common carotid 
artery (CCA), combined with a reduction in mean 
arterial pressure (MAP) to 50 mm Hg by bleeding 
[11]. After induction of anaesthesia, both CCA were 
exposed and ligatures placed around them, carefully 
avoiding the vagus nerves and cervical sympathetic 
plexi. Tracheotomy was performed and, after admin- 
istration of pancuronium 0.1 mg i.p., the lungs were 
ventilated using a small animal ventilator (Model 
SN-480-7; Shinano Manufacturing Company) 
which delivered a gas mixture of 66% nitrogen in 
oxygen and 1.0 MAC isoflurane or halothane 
(approximately 1.4% and 1.1%, respectively, in rats 
[12]) at a rate which maintained arterial carbon 
dioxide partial pressure (Pago,) at about 4.7-5.3 kPa. 
The femoral artery was cannulated with a 24-gauge 
Teflon catheter and connected to a computer-linked 
continuous arterial pressure monitoring system (AP- 
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TABLE I. Physiological variables (mean (SD)) in the three groups (see text for details). **P < 0.01 between isoflurane and halothane 
Occlusion group Hypotension group Combined group 
Isoflurane Halothane Isoflurane Halothane Isoflurane Halothane 

Number of rats 5 5 5 5 5 5 

Body weight (g) 299 (22.2) 324 (48.9) 322 (29.7) 303 (28.4) 313 (29.1) 291 (31.9) 

Just before start 

of ischaemic insult 
MAP (mm Hg) 115 (3.6) 116 (7.9) 123 (16.9) 123 (12.3) 116 (3.2) 127 (15.0) 
pH 7.39 (0.04) 7.43 (0.08) 7.38 (0.02) 7.40 (0.05) 7.40 (0.05) 7.41 (0.03) 
Pago, (kPa) 5.2 (0.5) 4.9 (0.5) 5.5 (0.6) 5.2 (0.9) 5.2 (0.5) 4.9 (0.4) 
Pag, (KPa) 19.5 (2.8) 18.7 (5.8) 22.5 (1.4) 24.5 (4.1) 18.6 (3.4) 19.1 (4.2) 
Base excess (mmol litre?) — 1.3 (2.7) —1.5 (3.0) —0.7 (0.7) —0.8 (1.7) — 0.8 (3.4) 0 (1.5) 
PCV (%) 39.2 (3.0) 40.4 (2.7) 39.2 (3.0) 39.8 (1.5) 39.0 (3.1) 41.2 (4.0) 
Blood glucose (mg dl?) 222 (72.7) 197 (72.1) 231 (57.8) 241 (25.1) 244 (44.4) 192 (45.7) 
Rectal temperature (°C) 37.1 (0.1) 37.0 (0.2) 36.9 (0.2) 37.0 (0.1) 36.9 (0.2) 37.0 (0.2) 

15 min after start 

of ischaemic insult 
MAP (mm Hg) 114 (9.4) 122 (8.6) 47 (2.0) 49 (2.4) 48 (2.8) 49 G.1) 
pH 7.39 (0.04) 7.41 (0.06) 7.38 (0.02) 7.38 (0.05) 7.37 (0.07) 7.38 (0.07) 
Paco, (kPa) 5.2 (0.5) 4.9 (0.8) 4.7 (0.4) 4,7 (0.3) 4.6 (0.2) 4.6 (0.2) 
Pao, (kPa) 18.3 (2.9) 16.9 (5.6) 21.8 (1.7) 25.8 (5.4) 19.3 (3.7) 20.3 (3.7) 
Base excess (mmol litre”) —0.9 (2.1) —0.9 (1.9) — 4,9 (2.6) —4.9 (2.3) ~ 4.6 (3.5) ~~ 5,3 (3.7) 
PCV (%) 38.2 3.1) 40.8 (2.6) 31.2 (3.6) 33.6 (2.4) 32.8 (4.1) 33.2 (5.4) 
Blood glucose (mg di“) 276 (65.7) 230 (69.1) 317 (76.0) 320 (48.1) 356 (26.7)** 274 (28.5) 
Rectal temperature (°C) 36.9 (0.1) 37.1 (0.2) 37.0 (0.4) 37.0 (0.1) 37.0 (0.1) 37.1 (0.2) 

Termination of 

ischaemic insult 
Shed blood (mlkg74) 2.8 (0.4) 2.7 (1.1) 15.9 (3.2) 20.5 (5.1) 18.6 (5.9) 16.3 (4.7) 


601G; Nihon Koden). The femoral vein was cannu- 
lated with a polyethylene catheter (PE-50) to ad- 
minister heparin 50 1u and to withdraw or re-infuse 
blood to maintain MAP at 50mm Hg. Lactated 
Ringer’s solution was infused continuously with a 
syringe pump (Model ST’C-521; Terumo) at a rate 
of 5 ml kg h-t. The animals were allowed to attain 
a steady state during a period of about 30 min. Rectal 
temperature was maintained at 37 °C using an animal 
temperature controller (CMA/150; CMA). The 
output of the vaporizer was confirmed using an 
inhalation anaesthetic gas monitor (Capnomac 
Ultima; Datex). 

Forebrain ischaemia was induced by a combin- 
ation of bilateral tightening of the ligature and 
simultaneous reduction in MAP to 50 mm Hg by 
withdrawal of blood from a femoral vein. To verify 
if forebrain ischaemia had occurred, the extracranial 
electroencephalogram (EEG) of the frontoparietal 
region was recorded using an EEG monitor 
(Neuropack-II; Nihon Koden). 

The animals were allocated to a control group (five 
rats) and three ischaemic groups (six subgroups of 
five rats each). In the control group, no ischaemic 
insult was given. In the occlusion group, bilateral 
CCA occlusion was performed without decreasing 
MAP, during either isoflurane or halothane an- 
aesthesia. In the hypotension group, MAP was 
decreased to 50mm Hg without CCA occlusion 
(haemorrhagic hypotension), during either isoflurane 
or halothane anaesthesia. In the combined group, 
bilateral CCA occlusion was combined with de- 
creased MAP to 50 mm Hg, during either isoflurane 
or halothane anaesthesia. In each group except the 
control, the duration of ischaemic time was 20 min. 
The start of the ischaemic period was defined as the 
time that the ligature around the bilateral CCA was 


tightened in the occlusion group and the time that 
MAP first reached 50 mm Hg in the hypotension 
group and combined group. In order to measure 
physiological variables, a small amount of arterial 
blood was obtained both just before and 15 min after 
the initiation of the ischaemic insult. 

After 20 min of ischaemia, decapitation was per- 
formed and the frontoparietal cortex, brainstem, 


- hippocampus and cerebellum removed immediately 


and homogenized separately in buffer containing 
sucrose 0.32 mol litre +, Tris (tris (hydroxymethyl) 
aminomethane) HC! 10 mmol litre? (pH 7.0), leu- 
peptin 100 pmol litre? and EGTA (ethyleneglycol 
bis (2-aminoethyl-ether) tetra-acetic acid) 1 mmol 
litre-!, using a motor-driven glass homogenizer with 
a Teflon pestle [6]. Homogenates were stored at 
— 80 °C until required for analysis. Protein concen- 
trations were measured as described previously [13]. 
The amount of MtP2 in each region for each group 
was measured as the ratio to that of the control rat 
brain using an enzyme-linked immunosorbent assay 
(ELISA) [14-16]: solutions were prepared from 
each of the stored homogenates by dilution with 
phosphate-buffered saline (PBS), addition of one 
drop of surfactant (Triton X-100) and storage at 4 °C 
overnight. A 100-ul aliquot of each sample was 
transferred to a 96-well microplate (high-binding 
type, Costar), one drop of trichloroacetate was added 
and the microplate stored at 4°C overnight. Sub- 
sequently, after centrifugation of the microplate at 
500 g for 20 min, the sample solutions were washed 
with ethanol and PBS and 100 ul of the primary 
antibody (mouse anti-MtP2 monoclonal antibody: 
immunized against rat brain microtubule-associated 
protein, Chemicon; diluted 1000 times with PBS) 
was added to each well and the microplate incubated 
for about 1h at 37°C in a humid chamber. After 
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Fic. 1. Changes in the EEG recorded extracranially in the frontoparietal region. Compared with non-ischaemic states 

(just before initiation of the ischaemic insult), electrical activity in the occlusion and hypotension groups is well 

preserved, whereas the combined groups show complete electrical silence during both isoflurane and halothane 
anaesthesia. 


TABLE II. MtP2 degradation during 20 min of forebrain ischaemia 

in the rat (mean (SD)). Significant differences: *P< 0.05 and 

** P< 0.01 between isoflurane and halothane; tP < 0.05 compared 

with occlusion group; *** P < 0.001 compared with occlusion and 
hypotension groups. n = 25 for all results 


MtP2 degradation (%) 
Isoflurane Halothane 

Frontoparietal cortex 

Occlusion 101.1 (10.6) 101.6 (9.6) 

Hypotension 96.8 (11.6) 96.2 (9.5) 

Combined 75.6 (10.7)*** * 65.0 (13.1)*** 
Brainstem 

Occlusion 102.1 (7.7) 98.2 (10.1) 

Hypotension 95.5 (11.1) 95.2 (10.5) 

Combined 93.6 (9.9)t 96.3 (8.8) 
Hippocampus 

Occlusion 99.8 (10.2) 100.1 (8.1) 

Hypotension 99.3 (10.6) 94.7 (10.6) 

Combined 72.3 (12.8)*** wh 54.7 (13.9)*** 
Cerebellum 

Occlusion 98.6 (12.3) 96.9 (12.5) 

Hypotension 97.2 (11.2) 94.8 (15.2) 

Combined 96.3 (12.6) 96.7 (12.5) 


washing with PBS, the secondary antibody (horse- 
radish peroxidase-conjugated anti-mouse IgG; di- 
luted 2000 times with PBS) was reacted with the 
primary antibody for about 1h at 37°C. After 
washing, 250 ul of the enzyme substrate (o-phenyl- 
enediamine dihydrochloride 1 mg ml?#+0.5% hy- 
drogen peroxide) was added and reacted with the 
secondary antibody for about 15 min at 37 °C. The 
reaction was stopped by addition of 50 ul sulphuric 
acid 1 mol litre’ to each well. Finally, the optical 
density at 490 nm was determined using a microtitre 
plate reader (Vmax kinetic microplate reader, 
Molecular Devices) [16]. The amount of MtP2 in 
each region of the six subgroups was compared with 


that of control rat brain extracted during pento- 
barbitone anaesthesia. 


Statistical analysts 


The results obtained from MtP2 degradation were 
expressed as a percentage of the control rat brain and 
represented as a mathematical mean (SD). Physio- 
logical variables were analysed using Students t 
tests between isoflurane and halothane in each group. 
MtP2 degradation results were analysed using 
Student’s ¢ tests or Duncan’s multiple comparison, as 
appropriate, after testing by analysis of variance 
(ANOVA) within the same region. P< 0.05 was 
considered significant. 


RESULTS 


Physiological variables (table I). There were no 
differences in body weight between the groups. 
There were also no significant differences in physio- 
logical variables between isoflurane and halothane 
before initiation of the ischaemic insult in all groups. 
However, at 15 min after the initiation of the 
ischaemic insult, blood glucose concentration with 
isoflurane anaesthesia in the combined group was 
significantly (P < 0.01) greater than that with halo- 
thane anaesthesia. There were no other significant 
differences in other variables between the isoflurane 
and halothane groups. 

Electroencephalogram (fig. 1). With both isoflurane 
and halothane anaesthesia, the EEG in the combined 
group was nearly isoelectric, in contrast to that in the 
occlusion and hypotension groups, in which elec- 
trical activity was well preserved. These results 
confirmed the successful achievement of forebrain 
ischaemia, at least in the combined groups, with both 
anaesthetics [11]. 
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MP2 degradation (table IT) 


Frontoparietal cortex. Isoflurane anaesthesia sig- 
nificantly (P < 0.05) protected MtP2 from degra- 
dation compared with halothane. MtP2 degradation 
was significantly greater in the combined group with 
both isoflurane and halothane (P < 0.001) compared 
with the occlusion and hypotension groups. 

Brainstem. MtP2 degradation was significantly 
(P < 0.05) greater in the combined group compared 
with the occlusion group with isoflurane anaesthesia. 
However, there were no significant differences in 
MtP2 degradation between isoflurane and halothane 
in all groups. 

Hippocampus. Results were similar to those of the 
frontoparietal cortex. MtP2 was significantly (P < 
0.01) less degraded with isoflurane anaesthesia than 
with halothane in the combined group, and was 
significantly more degraded compared with the 
occlusion and hypotension groups with both anaes- 
thetics (P < 0.001). 

Cerebellum. MtP2 degradation was not found, 
even in the combined groups, and there was no 
significant difference between isoflurane and halo- 
thane. 


DISCUSSION 


It has been shown that, in rats, bilateral CCA 
occlusion combined with a reduction in MAP to 
50 mm Hg reduces cerebral blood flow (CBF) to 
near-zero values in all cerebral cortical areas and in 
the hippocampus, with a less marked reduction in 
many subcortical structures and with a comparatively 
increased flow in the cerebellum [17]. This inter- 
structural variation may reflect a variable blood 
supply by the intact vertebral arterial system and 
collaterals [17]. Judging from the EEG (fig. 1), in the 
combined groups, at least in the forebrain, CBF was 
reduced sufficiently to cause the breakdown of 
cytoskeletal proteins; in the occlusion and hypo- 
tension groups, however, it seems to be insufficient 
to cause breakdown. In this respect, bilateral oc- 
clusion of CCA alone has been shown to decrease 
regional CBF in the forebrain to 50-60% of the 
normal value (almost the same as the decrease 
produced by hyperventilation), but results in no 
notable changes in the energy state of the whole 
brain tissue [18]. 
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hyperglycaemia accelerates collapse of cytoskeletal 
proteins during cerebral ischaemia. In this study, 
during isoflurane anaesthesia, MtP2 in the combined 
group was significantly less degraded in spite of 
hyperglycaemia (tables I, IT). 

The histopathological consequences may be influ- 
enced by variations in brain temperature, and 
measurement of the rectal temperature does not 
accurately reflect brain temperature during the 
ischaemic period [21]. However, this 1s unlikely to 
have been of significance, as there were no differences 
in rectal tempeature between the isoflurane- and 
halothane-anaesthetized groups. 

It is not known if degradation of cytoskeletal 
proteins is reversible after re-establishment of the 
cerebral circulation, or if it extends further during 
the post-ischaemic period. In addition, it is unclear 
if cytoskeletal protein breakdown is related to 
neuronal cell death and if it correlates directly with 
routine histopathology. Standard histopathology 
[22] and 2,3,5-triphenyltetrazolium chloride staining 
[23] have shown isoflurane to have no protective 
effects compared with halothane. 

Isoflurane may be preferable to halothane for 
patients who are likely to undergo cerebral isch- 
aemia. With isoflurane anaesthesia, the critical CBF 
which caused EEG ischaemic changes during carotid 
endarterectomy was significantly less than that with 
enflurane or halothane anaesthesia, and the incidence 
of EEG ischaemic changes was significantly less 
during isoflurane anaesthesia than during either 
enflurane or halothane anaesthesia [24,25]. It has 
been suggested that, if the protective effect of 
isoflurane depends only on its ability to reduce the 
cerebral metabolic rate for oxygen (CMRo,) [26], it 
would not have a protective effect with severe 
cerebral ischaemia causing electrical silence on the 
EEG and impairing ion gradients and biosynthesis 
[27]. In our study, the MtP2 of the frontoparietal 
cortex and hippocampus in the combined group was 
less degraded with isoflurane anaesthesia (table IT) 
and is probably independent of its depressive action 
on CMRo,. 

Studies of the mechanism of the collapse of 
cytoskeletal proteins during cerebral ischaemia have 
demonstrated that the intracellular Ca?* concen- 
tration gradually increases with the passage of 
ischaemia [28-30]. Increased intracellular Ca** con- 
centration affects intracellular homeostasis, includ- 
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many of the membrane proteins and cytoskeletal 
proteins [37]. Therefore, in view of the suggested 
mechanisms of general anaesthesia and the inter- 
action of inhalation anaesthetics with neuronal cell 
membrane lipids [38], there is a strong possibility 
that volatile anaesthetics, in some degree, participate 
in the process of calpain activation, especially in the 
conversion of the proenzyme to the active form. It 
seems likely that the mechanism causing the dif- 
ference in effects on MtP2 degradation between 
isoflurane and halothane immediately after cerebral 
ischaemia may depend on the difference in action on 
the activation mechanism of calpain at the neuronal 
cell membrane. 
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ENFLURANE INCREASES THE ADRENALINE THRESHOLD FOR 
THE DEVELOPMENT OF SLOW RESPONSES IN ISOLATED 


CANINE TRABECULAE 


S. OSHITA, H. OKA AND T. SAKABE 


SUMMARY 


To determine if entlurane has different effects on 
myocardial sensitivity to adrenaline than those 
previously reported for halothane, we have studied 
the enfiurane—adrenaline interaction in isolated 
canine trabeculae using doses of adrenaline neces- 
sary to produce slow responses (adrenaline thres- 
hold for the development of slow responses, ATSR) 
as an indicator. The preparations were depolarized 
in Tyrode’s solution containing potassium chloride 
26 mmol lite, then adrenaline concentrations in 
the solution were increased stepwise. Entlurane 1% 
had no significant effect, but 2% and 4% sig- 
nificantly increased the ATSR two-fold and seven- 
fold, respectively. To investigate the influence of 
enflurane on the adrenaline—adrenoceptor inter- 
action, we studied the effects on the ATSR of 2% 
enflurane alone or in combination with either 
prazosin 8 ng mF or metoprolol 17 ng mt’. Com- 
pared with the ATSR obtained with 2% enflurane 
alone, alpha,-block with prazosin did not alter, but 
beta,-block with metoprolol significantly increased 
the ATSR (three-fold). These effects of enflurane 
are qualitatively as well as quantitatively similar to 
those reported previously for halothane. Thus, 
assuming that the MAC value for enflurane is about 
2-2.5 times greater than that for halothane, the 
effects of enflurane on slow channel conductance 
(antiarrhythmic effects of enflurane) might be about 
two to three times greater than those of halothane 
at an equivalent depth of anaesthesia. Such dif- 
ferences may explain in part the clinical observation 
that ventricular arrhythmias are fess likely with 
enflurane than with halothane. (Br. J. Anaesth. 
1993; 71: 253-257). 


KEY WORDS 


Anaesthetics, volatile: enflurane. Heart: electrocardiogram, 
arrhythmia. Sympathetic nervous system: catecholamines, 
adrenaline. 


Arrhythmogenic doses of adrenaline differ for dif- 
ferent inhalation anaesthetics [1—4]. Enflurane causes 
fewer arrhythmias than halothane with exogenous 
administration of adrenaline [1—3, 5, 6]. In addition, 
enflurane differs from halothane in its propensity to 
sustain ventricular arrhythmias. Johnston, Eger and 
Wilson [2] reported that, when ventricular arrhyth- 
mias appeared with enflurane, the abnormal beats 


were occasional, intermittent and not necessarily 
sustained. In contrast, when ventricular irritability 
appeared during halothane anaesthesia, it was often 
followed by frequent abnormal beats, leading to 
ventricular tachycardia [2]. Isoflurane is comparable 
to enflurane in this regard [2—4]. However, with 
enflurane there is a wide variation in patient response 
to adrenaline, and the dose-response curve for 
adrenaline arrhythmias with enflurane is significantly 
flatter than with halothane or isoflurane [2, 7]. 
Despite intensive study, the reason for these dif- 
ferences is not clear. 

In isolated, partially depolarized guineapig myo- 
cardium, Ehara, Hasegawa and Mitsuiye [8] studied 
the effects of temperature on the myocardial sen- 
sitivity to catecholamines using the sensitivity of 
slow calcium (Ca**) channels to catecholamine as an 
indicator. In their experimental model, cate- 
cholamine-induced increases in slow channel con- 
ductance produced depolarization of the resting 
membrane in quiescent ventricular muscle. The 
depolarization was enhanced and often led to 
automatic activity as temperature decreased. These 
results suggest that the sensitivity of slow Ca?* 
channels to catecholamines reflects, at least in part, 
myocardial sensitivity to catecholamines and that the 
sensitivity is increased at decreased temperatures. 
To determine if enflurane has effects on myocardial 
sensitivity to adrenaline which differ from those 
reported previously for halothane [9], we also used 
the sensitivity of slow Ca** channels to adrenaline— 
the dose of adrenaline necessary to produce slow 
responses (adrenaline threshold for the development 
of slow responses, ATSR)—as an indicator and 
studied the effects of enflurane, alone or in com- 
bination with either selective alpha,- (prazosin) or 
beta,- (metoprolol) adrenergic receptor antagonists, 
on the ATSR in isolated, partially depolarized canine 
trabeculae. 


METHODS 


Our study was approved by the Animal Investigation 
Committee of the hospital. Details of the exper- 
imental design were similar to those of our previous 
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study [9]. Fourteen unpremedicated mongrel dogs of 
both sexes, weighing 14-19 kg were anaesthetized 
with 2% halothane in oxygen. The trachea was 
intubated and the lungs ventilated via a volume- 
limited Harvard pump. The beating heart then was 
removed by sternotomy and placed immediately in 
oxygenated Tyrode’s solution at room temperature. 
The trabeculae (greater than 10 mm in length and 
1~2 mm in diameter) were dissected from the right 
ventricle and pinned on a small silicon rubber 
platform. The preparations were stimulated with 
constant-current pulses introduced at the cut end 
through small bipolar silver—-silver chloride elect- 
rodes. The stimulation rate was 0.5 Hz, and the 
stimuli were either of l-ms duration and barely 
greater than threshold (mostly 1 mA) in standard 
Tyrode’s solution (concentrations in mmol litre: 
NaCl, 125; KCl, 5.4; CaCl, 1.8; MgCl, 1.05; 
NaHCo,, 24; NaH,PO,, 0.42; glucose, 5.5) or of 
10-ms duration and 5 mA in strength in potassium 
(K*)-rich Tyrode’s solution containing potassium 
chloride 26 mmol litre’. Individual preparations 
were equilibrated for at least 60 min in standard 
Tyrode’s solution before the start of experiments 
and then depolarized with K*-rich Tyrode’s solution 
to determine ATSR. Standard and K*-rich Tyrode’s 
solution were aerated with 95% oxygen—5 % carbon 
dioxide and the pH of both solutions maintained at 
7.3-7.4. 

Vigorous contractions caused by adrenaline fre- 
quently dislodged the intracellular electrode, there- 
fore electrocardiograms were recorded from the 
surface of the preparations. In our experimental 
model, increased extracellular resistance was es- 
sential to obtain a reliable extracellular voltage 
decrease along the preparations. For this purpose, 
the preparations, pinned on a small silicon rubber 
platform, were surrounded with a uniform and very 
thin layer of Tyrode’s solution [10] and covered by a 
single layer of cotton mesh. One end of the 
preparation was placed at the lumen of a 1-mm tube 
through which oxygenated Tyrode’s solution at 
37 °C flowed at a rate of 3 ml min`! maintained con- 
stant by a roller perfusion pump. A similar tube was 
placed at the other end of the preparation and 
connected to a suction apparatus that was carefully 
adjusted to provide a thin layer of fluid around the 
preparations. Two glass microelectrodes filled with 
KCI 3 mol litre (resistance 10-20 MQ) were used 
to record the ECG. The recording electrode was 
placed 1-1.5 mm from the stimulation electrodes and 
the reference electrode was placed just beyond the 
preparation in the fluid stream coming from the 
perfusion tubing. The extracellular voltage change 
was recorded by a differential-input, high-impedance 
amplifier (Nihon Kohden AVM-10) coupled with a 
cathode follower (Nihon Kohden MEZ-7101) and 
displayed on a Nihon Kohden VC-10 oscilloscope. 

Fast sodium (Nat) channels were inactivated by 
partially depolarizing the preparations in Kt-rich 
Tyrode’s solution, and slow Ca?t channels were 
activated by adding adrenaline to the solution. 
Propagating slow responses were generated when the 
adrenaline concentrations in the solution reached 
ATSR. In this study, ATSR was defined as the dose 
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Fic. 1. Adrenaline threshold for the development of slow 
responses (ATSR) with different concentrations of enflurane 
(mean, SEM). * Significantly different from baseline (B) (P < 0.05). 


* 
of adrenaline required to produce nine or more 
continuous or intermittent slow responses within the 
last 3 min of a 15-min infusion, which was sufficient 
time to produce stable effects. If the ATSR was not 
achieved during 15 min of constant infusion at one 
concentration of adrenaline, another solution con- 
taining a standardized, logarithmically spaced greater 
dose of adrenaline was infused, and the procedure 
was repeated until the ATSR was established. 

‘The ATSR was measured before (baseline) and 30 
min after administration of each concentration of 
enflurane (1, 2 and 4%; m=7), and after 2% 
enflurane alone or in combination with prazosin 8 ng 
ml“ or metoprolol 17 ng ml“! (n = 7). Enflurane was 
equilibrated with Tyrode’s solution in the reservoir 
by passing 95 % oxygen—5 % carbon dioxide through 
the calibrated vaporizer for at least 30 min before 
administration to the preparation. The mean con- 
centrations of 1, 2 and 4% enflurane in solution, 
verified by gas chromatography (Shimadzu GC-4), 
were 9.9 (SEM 0.6) mg dI-', 20.2 (0.1) mg dl“! and 
38.2 (0.9) mg dl~ (n = 7), respectively. The order of 
administration of drugs was randomized to avoid a 
possible systematic time-dependent effect. 

One-way analyses of variance with critical- 
difference testing were used to determine statistical 
significance between baseline values and values 
obtained at each concentration of each drug. P < 
0.05 was considered statistically significant. 


RESULTS 


‘The mean ATSR values obtained before (baseline) 
and 30 min after administration of enflurane, alone 
or in combination with either prazosin or metoprolol, 
are shown in figures 1 and 2. Enflurane 1% had no 
significant effect, but 2% and 4% enflurane signifi- 
cantly increased the ATSR (two-fold and seven- 
fold, respectively) (fig. 1). In combination with 2% 
enflurane, alpha,-block with prazosin did not alter 
the ATSR, whereas beta,-block with metoprolol 
significantly increased it; compared with the ATSR 
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Fic. 2. Adrenaline threshold for the development of slow 

responses (ATSR) with 2 % enflurane alone (E) or in combination 

with either prazosin 8 ng ml~! (E +P) or metoprolol 17 ng ml“! 

(E +M) (mean, SEM). Significant differences: * from baseline (B); 
+ from the value obtained with 2% enflurane. 


obtained with 2% enflurane alone, prazosin 8 ng 
ml did not change, but metoprolol 17 ng ml" sig- 
nificantly increased the ATSR (three-fold) (fig. 2). 


DISCUSSION 


We studied the direct effects of enflurane on 
myocardial sensitivity to adrenaline in isolated, 
partially depolarized canine trabeculae. The myo- 
cardial cell, depolarized by K+, has a low degree of 
excitability, one factor responsible for this being an 
increased membrane shunting (outward K*) con- 
ductance [11,12]. That is, in the K*-depolarized 
myocardium, slow inward current is affected by the 
presence of large outward K+ current that flows 
during the rising phase of the action potential [13]. 
In most such preparations, muscle excitability is 
restored or enhanced by addition of catecholamines, 
which increase slow channel conductance [14], or by 
addition of small concentrations of barium (Ba?*), 
which reduces membrane shunting conductance 
[13], to the superfusate—procedures which are 
thought to intensify the slow inward current. 

In the present study, we used the dose of 
adrenaline required to produce slow responses (the 
ATSR) as an indicator for myocardial sensitivity to 
adrenaline. It could be argued that the ATSR might 
be affected by the changes in the membrane shunting 
conductance. However, as the increase in membrane 
shunting conductance is thought to be Kt-dependent 
[15], we feel justified in assuming that membrane 
shunting conductance was kept almost constant 
throughout our experiments, in which preparations 
were depolarized equally in K*t-rich Tyrode’s sol- 
ution containing KCI 26 mmol litre"! before (when 
baseline ATSR values were obtained) and during 
administration of enflurane. In addition, Lynch and 
colleagues found, in their experiment with isolated, 
partially depolarized guineapig papillary muscles, 
that enflurane did not influence Kt conductance 
because it did not change the action potential 
duration of slow responses. Based on these assump- 
tions, we believe that the ATSR reflects, at least in 
part, the responsiveness of slow Ca** channels to 
adrenaline in isolated heart preparations. As adrena- 


line exerts its effects on the heart by increasing slow 
channel conductance [14], which is triggered by 
adrenaline—adrenoceptor interaction, the responsive- 
ness of slow Ca** channels to adrenaline in isolated 
heart preparations should reflect cardiac responses to 
adrenaline [8]. Activation of the slow Ca®* channel 
initiates slow responses, which are responsible for 
both abnormal automaticity [17] and re-entry [18]. 
More importantly, a re-entrant mechanism is 
thought to underlie the arrhythmogenic interaction 
between volatile anaesthetics and adrenaline [9, 19, 
20]. Therefore, we predicted that, at least in part, the 
threshold for adrenaline-induced arrhythmias and 
the sensitivity of the myocardium to adrenaline 
could be investigated using the ATSR as an 
indicator. 

We found that enflurane significantly increased 
the ATSR in a dose-dependent manner (fig. 1). This 
action of enflurane, as with that of halothane [9], is 
closely correlated with its Ca** entry blocking action. 
Bosnjak, Supan and Rusch [21] and Eskinder and 
colleagues [22] recently showed, using the whole-cell 
voltage-clamp technique, that enflurane reduces the 
Ca?t current of isolated canine ventricular and 
Purkinje cells in a concentration-dependent manner. 
Lynch and colleagues [16] reported that enflurane 
depresses both the upstroke velocity and the con- 
traction of slow responses in isolated, partially 
depolarized guineapig papillary muscles. In addition, 
in our previous study [9], verapamil, in common 
with enflurane, increased the ATSR in a dose- 
dependent manner. If these im witro results are 
applicable to surgical patients, our findings are 
indicative of an antiarrhythmic action rather than an 
arrhythmia-producing action of enflurane, and sev- 
eral recent reports suggest that this may be the case. 
First, ventricular ectopic beats were suppressed 
during the administration and reappeared after 
discontinuation of enflurane in a patient undergoing 
vagotomy and antrectomy [23]. Second, enflurane 
decreased the incidence of ventricular fibrillation in 
a canine model of acute occlusion—reperfusion 
arrhythmias [24]. Third, enflurane decreased the 
incidence of death from ventricular fibrillation in 
rats with ligation of the left anterior descending 
coronary artery [25]. 

Enflurane has less potential than halothane for 
production of arrhythmias in the presence of ex- 
ogenous adrenaline [1~3, 5, 6]. Munson and Tucker 
[1] reported that, in the dog, the adrenaline dosage 
for enflurane was 17.1 ug kg? and the corresponding 
value for halothane was 4.6 ug kg). Johnston, Eger 
and Wilson [2] studied patients who were under- 
going trans-sphenoidal pituitary operations for 
which they received nasal and oral submucosal injec- 
tions of adrenaline to minimize surgical bleeding, and 
found that the arrhythmic threshold of adrenaline 
was 10.9 ug kg for enflurane and 2.1 ug kg? for 
halothane, although the dose identified was that 
necessary to produce a positive response in 50% of 
the patients (ED,,). Sumikawa, Ishizaka and Suzaki 
[3] reported that, in the dog, the mean values of the 
arrhythmogenic doses and the corresponding plasma 
concentrations of adrenaline were 11.43 ug kg 
min! and 206.3 ng ml“! during enflurane; 2.18 ug 
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kg! min and 38.7 ng ml during halothane ana- 
esthesia. These findings indicate that four to five 
times as much adrenaline is required to produce 
ventricular arrhythmias during enflurane as during 
halothane anaesthesia. 

If, as postulated in the review of Atlee and Bosnjak 
[20] and in our previous study [9], inhalation 
anaesthetics have both antiarrhythmic (Ca** entry 
blocking actions) and arrhythmia-producing effects 
(effects on the refractory period, Na* channel 
conductance and passive membrane properties), 
such differences between enflurane and halothane in 
the arrhythmogenic doses of adrenaline might exist 
because the antiarrhythmic effects of enflurane are 
greater or its arrhythmogenic effects are smaller (or 
both) than those of halothane. We have demonstrated 
in the present study that the effects of enflurane on 
the ATSR are similar to those reported previously 
for halothane in the same concentration: 2% and 
4%, enflurane increased the ATSR two-fold and 
seven-fold, while 2% and 4% halothane increased it 
two-fold and five-fold, respectively [9]. Thus, as- 
suming that the MAC value for enflurane is about 
2-2.5 times that of halothane [26], our results suggest 
that the antiarrhythmic effects of enflurane may be 
about 2-3 times greater than those of halothane at 
the equivalent depth of anaesthesia. Bosnjak, Supan 
and Rusch [21] and Eskinder and colleagues [22] 
reported recently on whole-cell voltage-clamp ex- 
periments with single isolated canine ventricular or 
Purkinje cells in which, quantitatively, enflurane and 
halothane produce a similar inhibition of Ca?* 
channel currents at equianaesthetic concentrations. 
These results seem to conflict with our data, but it 
should be noted that the aim of their studies differed 
from ours. They investigated the relationship be- 
tween the negative inotropic and chronotropic 
actions of volatile anaesthetics and inhibition of Ca?+ 
channel currents, and so they needed to record 
isolated Ca*+ channel current. For this purpose (in 
order to eliminate Na*t and K* currents) they 
substituted Ba**, tetraethylammonium chloride and 
caesium ion for Ca?t, Nat and K+. In contrast, 
we aimed to investigate the direct effects of enflurane 
on the arrhythmia-producing actions of adrenaline 
in isolated heart preparations and therefore we 
induced slow responses by adding adrenaline to the 
superfusate containing Ca?t, Nat and K+. Slow 
inward current is carried by Na* and by Ca?®* [27], 
and outward Kt current may flow through slow 
channels [27, 28]. Therefore, the differences between 
the results reported by Bosnjak, Supan and Rusch 
[21] and Eskinder and colleagues [22] and those of 
our present study might be attributable to the 
differences between isolated Ca?* current and slow 
inward current. If, as described above, slow re- 
sponses are responsible for re-entry type arrhythmias 
[18], which are thought to underlie the arrhythmo- 
genic interaction between volatile anaesthetics and 
adrenaline [9,19,20], it should be possible to 
Investigate the effects of enflurane on myocardial 
sensitivity to adrenaline (antiarrhythmic effects of 
enflurane in the present study) using the ATSR as an 
indicator. In contrast, Atlee and Rusy [29, 30] and 
Atlee and Alexander [19] have shown that halothane 
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prolongs A-V nodal, His-Purkinje and ventricular 
conduction, whereas enflurane prolongs only A-V 
nodal conduction in dogs. From these results, they 
concluded that conduction changes such as occur 
with halothane are necessary for ventricular 
arrhythmias caused by re-entry of excitation and that 
enflurane is less likely to cause these arrhythmias. In 
addition, Burt and Spray [31] studied the effects of 
halothane and enflurane on the passive membrane 
properties of the myocardium (gap junction- 
mediated intercellular communication) in cultured 
neonatal rat cardiac myocytes, and found that 
complete block of junctional conductance occurred 
with smaller concentrations of halothane than en- 
flurane. 

To investigate the influence of enflurane on 
adrenaline—adrenoceptor interaction, we studied the 
effects on the ATSR of 2% enflurane alone or in 
combination with prazosin or metoprolol. In our 
study of the effects of halothane on adrenaline— 
adrenoceptor interaction [9], we reported that 
alpha,-block with prazosin 4, 8 and 16 ng ml" or 
droperidol 20, 40 and 80 ng ml! did not alter the 
ATSR, whereas beta,-block with metoprolol 8, 17 
and 34ng ml" significantly increased the ATSR 
(two-fold, four-fold and six-fold, respectively). In 
the same study [9], we reported also that the effects 
of prazosin and metoprolol on the ATSR were not 
influenced by halothane: compared with the ATSR 
obtained with 2% halothane, prazosin 8 ng ml? did 
not alter the ATSR, whereas metoprolol 17 ng ml“ 
significantly increased the ATSR (five-fold). Similar 
to the results reported for halothane [9], the effects of 
prazosin and metoprolol when given in combination 
with 2% enflurane were almost the same as those 
obtained for each drug given alone: compared with 
the ATSR obtained with 2% enflurane alone, 
prazosin 8 ng ml did not change the ATSR, but 
metoprolol 17 ng ml significantly increased the 
ATSR (three-fold) (fig. 2). These results suggest 
that the influence of enflurane on adrenaline— 
adrenoceptor interaction is qualitatively the same as 
that of halothane [9]. 
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EFFECT OF DIABETES MELLITUS ON THE CARDIOVASCULAR 
RESPONSES TO INDUCTION OF ANAESTHESIA AND 


TRACHEAL INTUBATION 


A. VOHRA, S. KUMAR, A. J. CHARLTON, A. O. OLUKOGA, A. J. M. BOULTON 


AND D. McLEOD 


SUMMARY 


We have compared cardiovascular responses to 
induction of anaesthesia and to tracheal intubation 
after propofol 2.5mgkg"'§ and pancuronium 
0.1 mg kg in 10 diabetic and 10 matched, non- 
diabetic (control) ASA | patients. Anaesthesia was 
maintained with 0.8% enflurane and 50% nitrous 
oxide in oxygen, with assisted ventilation. The 
trachea was intubated 3 min after induction of 
anaesthesia. All 10 diabetic patients (but no 
controls} had abnormal autonomic function when 
tested on the day before surgery. There was no 
difference between the two groups in the pre- 
induction cardiovascular state. Mean arterial press- 
ure and vascular resistance decreased after in- 
duction in each group (P < 0.05). Heart rate 
increased (P < 0.01) and cardiac index was sus- 
tained in the control group, but in the diabetic 
group heart rate did not change and cardiac index 
decreased (P < 0.07). There was an earlier decrease 
in stroke index in the diabetic group (2 min) 
compared with the controls (5 min). After tracheal 
intubation, heart rate and cardiac index in the 
contro! group and cardiac index in the diabetic 
group remained unchanged. However, there was a 
greater increase in heart rate, mean arterial pressure 
and vascular resistance in the diabetic group 
compared with the controls after tracheal intubation 
(P < 0.05). The exaggerated pressor response to 
tracheal intubation, in the diabetic patients, may 
reflect autonomic dysfunction. (Br. J. Anaesth. 
1993; 71: 258-261) 


KEY WORDS 


Anaesthetics, intravenous: propofol. Complications: diabetes, 
neuropathy. Intubation: complications. 


Several © studies have shown increased surgical 
morbidity and mortality in patients with diabetes 
mellitus [1—4], thought to be caused by the systemic 
dysfunction associated with this disease [2, 5]. Auto- 
nomic neuropathy, which can occur in both insulin- 
dependent -and mnon-insulin-dependent diabetic 
patients ÉJ may potentially modify the normal 
cardiovascular responses during anaesthesia and 
render the diabetic patient more susceptible to 
‘ cardiovascular morbidity. Although autonomic 


neuropathy has been associated with cardio- 
respiratory arrest in the perioperative period [1], its 
influence on cardiovascular responses during an- 
aesthesia has not been studied. The present study 
was designed to compare diabetic with non-diabetic 
patients in their changes in mean arterial pressure 
(MAP), heart rate (HR), cardiac output (CO), stroke 
volume (SV) and vascular resistance (SVR) in 
response to induction of anaesthesia and tracheal 
intubation after propofol and pancuronium. 


PATIENTS AND METHODS 


After receiving local Ethics Committee approval, we 
obtained informed consent from 10 diabetic patients 
(presenting consecutively) and 10 ASA I patients 
(matched for sex, age, height and weight) undergoing 
vitreous surgery. Only patients without overt car- 
diovascular disease were studied. In an attempt to 
standardize laryngoscopy, any patient who was 
known or found to present difficulty in tracheal 
intubation was excluded. Eight patients were 
insulin-dependent and two were non-insulin- 
dependent diabetics. Eight of the 10 diabetic patients 
were undergoing vitreous surgery for diabetic eye 
disease. 

Three standard cardiovascular autonomic function 
tests were performed on the day before surgery [7]: 

30:15 R-R ratio—the patient’s heart rate was 
monitored whilst they changed from a supine to an 
erect position, the 30th and 15th R-R intervals 
identified and the ratio of the two derived. 

Maximum and minimum heart rate difference during 
three deep breaths cycle. 

Decrease in systolic arterial pressure during postural 
change. 

On arrival of the patient in the anaesthetic room, 
a 20-gauge cannula was inserted into a vein in the 
dorsum of the patient’s right hand. As all the 
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diabetic patients were first on the operating list, it 
was standard practice to omit the insulin or oral 
hypoglycaemic drugs on that morning, and to ensure 
against hypoglycaemia or hyperglycaemia (blood 
sugar 9-15 mmol litre"). Arterial pressure was 
measured using an automated non-invasive method 
(Dinamap) timed to cycle at 1-min intervals. 

After skin preparation, current sensing, current 
source and ECG sensing electrodes (Medicotest- 
VL-OO-S) were placed on the patient according to 
manufacturer’s instructions and attached to a trans- 
thoracic bioimpedence continuous cardiac output 
monitor (BoMed NCCOMS3, Software Version 7, 
BoMed Biomedical, Irvine, CA). This monitor was 
used to measure and derive continuously HR, SV 
and CO, updated at every 12th heart beat. A period 
of 5 min was allowed for the patient’s recordings to 
stabilize. Preinduction measurements of MAP, HR, 
CO and SV were then recorded. 

All patients were premedicated with temazepam 
20 mg given 2h before operation. Anaesthesia was 
induced with propofol 2.5 mg kg given over 30 s, 
followed immediately by pancuronium 0.1 mg kg`t. 
Any pain on injection of propofol was recorded. The 
same anaesthetist intubated the trachea of each 
patient without difficulty 3 min after induction of 
anaesthesia. Anaesthesia was maintained with 0.8% 
enflurane and 50% nitrous oxide in oxygen, with a 
fresh gas flow of 100 mg kg. Ventilation was 
assisted with mask and Bain circuit before tracheal 
intubation and then with the Manley MP2 ventilator 
(tidal volume 10 mi kg). 

For analysis, post-induction measurements of HR, 
MAP, CO and SV were recorded at 1-min intervals 
for the 3min between induction and tracheal 
intubation and then for 5 min after intubation. SVR 
was derived using following formula: 


_ MAP x 79.9 
= CO 


Each patient’s body surface area was derived from 
their height and weight; cardiac index (CI) and 
stroke index (SI) were calculated. Statistical analysis 
was performed using paired and unpaired t tests with 
Bonferroni correction and analysis of variance 
(ANOVA). P values were two-tailed; P < 0.05 was 
considered significant. 


SVR 


RESULTS 


There were no significant differences in age, height 
or weight between the diabetic and non-diabetic 
control groups (table I). No patient complained of 
pain during induction of anaesthesia and none 
coughed during tracheal intubation. None of the 
patients required i.v. glucose before anaesthesia. 


Autonomic function 

All patients in the control group had normal 
autonomic function before operation. At least one 
autonomic function test was abnormal in each of the 
diabetic patients (table II). The two heart rate tests 
were found to be abnormal in all 10 diabetic patients ; 
arterial pressure was abnormal in one and borderline 
abnormal in two of them. 


Cardiovascular variables 


Heart rate. There was no significant difference 
between the two groups in mean preinduction HR 
(fig. 1). In the control group (but not in the diabetic 
group) the HR increased after induction of an- 
aesthesia (P < 0.01) and did not increase further 
after tracheal intubation (fig. 1). In the diabetic 
group, HR increased significantly only in response to 
tracheal intubation (P < 0.01). Mean HR was greater 
in the control group compared with the diabetic 
group during the study (ANOVA, P < 0.01) (fig. 1). 

Cardtac index. There was no significant difference 
between the two groups in mean preinduction CI 
(fig. 1). In the diabetic group, CI decreased to less 
than preinduction 2 min after induction of anaes- 
thesia (P < 0.01), but it did not change significantly 
after tracheal intubation. In the control group, CI 
was maintained after induction of anaesthesia and 
decreased gradually after tracheal intubation to reach 
a value significantly less than preinduction, 3 min 
after intubation (P < 0.05). Mean CI was greater in 
the control group compared with the diabetic group 
(ANOVA, P < 0.05) (fig. 1). 

Stroke index. In the diabetic group, mean SI 
decreased 2min after induction (P < 0.01) and 


TABLE I. Patient characteristics (mean (range or SD)). BSA = Body 


surface area 
Age Height Weight BSA 
Group (yr) (cm) (kg) (m?) 
Diabetic 44 (27-68) 169 (7.7) 76 (12.6) 1.85 (0.16) 
Control 44 (28-65) 171 (6.2) 69 (7.1) 1.79 (0.12) 


TABLE II. Results of the autonomic function tests in each of the 
diabetic and control patients (actual value (category)). N = 
Normal (30:15 > 1.04; HR dif. 215 beat min™?; decrease in 
AP & 10 mm Hg); B = borderline (30:15 = 1.01-1.03; HR diff. 
= 11~14 beat min=4; decrease in AP = 11-29 mm Hg); A= 
abnormal (30:15 <1; HR diff. < 10 beat min 1; decrease in AP 


> 30 mm Hg) 
Max-—min 
Patient 30:15 HR diff. Decrease in 
No. R-R ratio (beat min) AP (mm Hg) 
Diabetics 

1 1 (A) 7 (A) 12 (B) 
2 I (A) 0 (A) 28 (B) 
3 1.2 CN) 6 (A) 10 N) 
4 I (A) 6 (A) 6 N) 
5 1 (A) 0 (A) 30 (A) 
6 1 (A) 0 (A) 8 CN) 
7 1 (A) 0 (A) 10 N) 
8 1 (A) 3 (A) 5 (N) 
9 0.7 (A) Q (A) 10 N) 

10 1 (A) 0 (A) 8 N) 

Controls s 

1 1.3 N) 25 (N) 0 N) 
2 1.01 (ND 34 (N) oN) 
3 1.04 (N) 15 (N) 8 N) 
4 1.1Q) 15 N) oN) 
5 1.04 N) 28 (N) 2 N) 
6 LION) 21 N) A 20 
7 1.05 (N) 210) i 0 N) 
8 1.18 GN) 15 (N) 50 ... 
9 1.04 (N) 15 N) 5 N) va 

10 1.05 (N) 28 (N) OW) -- 


260 


HR (beat min™!) 
a —_h 
~J to wd G) 
oO © © oO 
, * 
3 * 
4 * 
s$ * 
* * 
a? * 
á * 
X > aaa E 
A + 
* 
b x 
x 
J * 
9 * 


CI (litre min“ m?) 


SI (m! beat! m~?) 
5 





Time after induction (min) 


Fic. 1. Changes in heart rate (HR), cardiac index (CI) and stroke 

index (SI) in diabetic (O) and non-diabetic (@) patients after 

induction of anaesthesia and tracheal intubation (mean, sD). 

Significant difference from preinduction value within group: 
*P < 0.05; ** P < 0.01. 


decreased again 1 min after intubation (P < 0.01) 
(fig. 1). In the control group, mean SI did not 
decrease to significantly less than its mean value 
before induction until I min after intubation 
(P < 0.05). 

Mean arterial pressure. Induction of anaesthesia 
was associated with a significant decrease in MAP in 
each group (P < 0.05) (fig. 2). After tracheal in- 
tubation there was a greater increase in the diabetic 
patients than in the control group. Thus in the 
diabetic group MAP was significantly greater than 
before induction at 1 min after tracheal intubation 
(P < 0.05), while in the control group MAP after 
intubation was similar to that before induction 
(fig. 2). 

Vascular resistance. SVR decreased in each group 
after induction of anaesthesia (P < 0.05 control; 
P < 0.01 diabetic). After tracheal intubation, there 
was a greater increase in SVR in the diabetic group 
compared with the controls (P < 0.05), that in the 
diabetic group alone being significantly greater than 
preinduction (P < 0.05) (fig. 2). 


DISCUSSION 


Sullivan and colleagues [8] found that, during 
anaesthesia, cardiac output derived by the trans- 
thoracic bioimpedence monitor correlated well with 
that derived using the thermodilution technique and 
others have shown good correlation in other 
situations [9, 10]. The cardiovascular variables be- 
fore induction were found to be similar in the 
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Fic. 2. Changes in mean arterial pressure (MAP) and systemic 
vascular resistance (SVR) in diabetic (O) and non-diabetic (@) 
patients after induction of anaesthesia and tracheal intubation 
(mean, sb). Significant difference from preinduction value within 
group: * P < 0.05; ** P < 0.01. 


diabetic and control patients, but their responses to 
induction of anaesthesia and tracheal intubation 
differed significantly. Both the parasympathetic and 
the sympathetic systems play a part in the reflexes 
associated with the three autonomic function tests 
performed in this study. However, abnormalities in 
the two heart rate tests are predominantly associated 
with parasympathetic dysfunction and abnormalities 
in the arterial pressure test are caused predominantly 
by sympathetic dysfunction [11, 12]. In this study, 
the sympathetic function test was not normal in 
three and the parasympathetic function tests were 
abnormal in all 10 diabetic patients studied, and this 
may be the cause of the altered haemodynamic 
responses in the diabetic group. 

In a British community survey, Neil and 
colleagues [13] found a single abnormal cardio- 
vascular response in 16% of diabetic patients. 
Ziegler and colleagues [6] found that autonomic 
dysfunction occurred within 2 years of onset of 
diabetes. Our findings suggest that all diabetic 
patients presenting for vitreous surgery may have 
autonomic dysfunction. 

In the control group, the administration of 
pancuronium was associated with the expected 
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tachycardia. However, this response was absent in 
the diabetic group. Lee Son and Waud [14] and, 
Salt, Barnes and Conway [15] have shown that 
pancuronium may cause tachycardia by blocking 
postjunctional muscarinic receptors on the sino- 
atrial node and prejunctional muscarinic receptors 
on cardiac sympathetic nerves (both innervated 
normally by the vagus nerve). We found that the 
parasympathetic function tests were abnormal in the 
diabetic group and this abnormality may be the basis 
of the altered response to pancuronium in these 
patients. This suggests that, in diabetic subjects, the 
heart rate response to atropine and neostigmine 
given normally during antagonism of neuromuscular 
block may be abnormal. 

CI did not decrease in the control group after 
induction of anaesthesia, because of the 
pancuronium~induced tachycardia. However, in the 
diabetic group, the increase in HR did not occur and 
CI decreased. CI was therefore smaller in the 
diabetic group compared with controls. The decrease 
in SI may be attributed to the cardiac effects of 
propofol [16]. Coleman and colleagues [17] have 
shown that an increase in cardiac output after 
administration of pancuronium is caused by the 
increase in HR and not any effect on stroke volume. 
Our findings support this. The changes in MAP 
were a reflection of those occurring in SVR. We have 
found this in a previous study [16]. There was a 
greater increase in MAP, HR, and SVR after tracheal 
intubation in the diabetic patients compared with the 
controls. During laryngoscopy and tracheal intu- 
bation, sensations from the pharynx and trachea are 
transmitted centrally via the vagus nerve and cause 
reflex stimulation of the sympathetic and 
sympatho—adrenal systems. This results in release of 
both adrenaline and noradrenaline [18, 19]. 
Cummings, Russell and Frewin [20] showed that, 
although pancuronium inhibits noradrenaline re- 
uptake, it does not affect the pressor response to 
tracheal intubation. In the presence of autonomic 
dysfunction, one might have expected an obtunded 
pressor response to tracheal intubation. The diabetic 
patients were mainly in the normal to borderline 
Mmpoathetic dysfunction 
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A NEW METHOD OF MEASURING CARDIAC OUTPUT IN MAN 


USING LITHIUM DILUTION 


R. A. F. LINTON, D. M. BAND AND K. M. HAIRE 


SUMMARY 


We describe a new indicator dilution method of 
measuring cardiac output in man. A bolus injection 
of lithium chloride 0.6 mmol was given via a central 
venous catheter and arterial plasma [Lf] recorded 
using a specially developed sensor incorporating an 
Li+ -selective electrode. Cardiac output was derived 
from the lithium dilution curve, with a correction for 
packed cell volume. Lithium dilution cardiac output 
(LiDCO) was compared with thermodilution car- 
diac output (TD) using 22 lithium sensors in nine 
patients. For each sensor, one LiDCO was measured 
immediately before and one immediately after three 
TD estimations and mean values of LiDCO and TD 
derived. The correlation coefficient, r, was 0.89; 
slope of the regression 0.84, y intercept 0.72, bias 
0.3 (0.5) litre min! (mean (TD-LiIDCO) (7 Sb). 
LiDCO appeared to be a safe, simple and accurate 
technique which does not require insertion of a 
pulmonary artery catheter. (Br. J. Anaesth. 1993; 
71: 262-266) 


KEY WORDS 


Heart: cardiac output. Measurement techniques: cardiac output, 
thermodilution. 


Existing methods of cardiac output measurement 
have several disadvantages. Both the indicator di- 
lution method using indocyanine green and the Fick 
method can be accurate but they are difficult and 
impractical. Non-invasive methods such as Doppler 
and thoracic bioimpedance are inaccurate [1—4] and 
the most commonly used thermodilution [5] requires 
a pulmonary artery catheter with its attendant risks. 
In the words of a Lancet editorial “...development 
of a simple, safe, reliable and cheap method remains 
a worthwhile objective” [6]. 

We have developed a new indicator dilution 
method which is minimally invasive, requiring only 
central venous and arterial catheters which would 
probably already have been inserted in patients 
whose management would be helped by cardiac 
output measurement. The indicator is lithium (Lit) 
which is rapidly injected into a central vein (as 
lithium chloride (LiCl) 0.6 mmol in 2ml) and 
detected using a lithium-selective electrode in ar- 
terial blood. 


PATIENTS AND METHODS 


We studied nine patients during the immediate 
postoperative period after either coronary artery 
bypass grafting (seven patients) or aortic valve 
replacement (two patients). The study was approved 
by the Ethics Committee and written, informed 
consent was obtained from all patients. The patients’ 
ages and weights were in the ranges 38-73 yr and 
64-90 kg and none was receiving oral lithium. 

After induction of anaesthesia, a thermodilution 
pulmonary artery catheter (Baxter Edwards Swan- 
Ganz) was inserted via the right internal jugular 
vein. The catheter was advanced until the pressure 
recorded from the injectate port showed this to be in 
the right ventricle. The catheter was then withdrawn 
2cm further than the point at which the pressure 
changed from ventricular to atrial. An arterial 
cannula (22-, 20- or 18-gauge, depending on the 
normal practice of the anaesthetist) was inserted into 
a radial or brachial artery. During the study, which 
took less than 1h, the patients were sedated with 
morphine and propofol infusions and their lungs 
ventilated using a Servo ventilator. 


Thermodilution cardiac output 


TD measurements were carried out using a Baxter 
(Edwards COM-2) thermodilution computer. Injec- 
tions of ice-cold 5% glucose 10 ml were made into 
the right atrium and a minimum of four readings was 
made as rapidly as possible. The first was rejected, as 
were any which differed by more than 0.5 litre min™ 
from the mean of the others. In this case, further 
readings were taken until three acceptable values 
were obtained. TD was taken as the mean of these 
values. No individual value differed from the mean 
of that set by more than 10.9%. 


Lithium dilution cardiac output 


The lithium sensor (fig. 1) consisted of a 2-3 cm 
length of 18-gauge Teflon tubing containing an 
internal reference material and with a PVC mem- 
brane dip-cast over one end. The membrane con- 
tained the crown ether lithium ionophore VI (6,6- 
Dibenzyl-14-crown-4; 6,6-Dibenzyl-1,4,8-11 tetra- 
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Fic. 1. Diagram of the lithium sensor. 


oxacyclotetradecane) (Fluka) which made it selec- 
tively permeable to Lit [7]. The sensor was mounted 
in a Y-connector (Vygon, 889). The voltage across 
the membrane was recorded between two chloridized 
silver wires, one in the reference material and the 
other in the lumen of the Y-connector. This second 
wire was coated with polyurethane (Tecoflex) to 
protect the silver chloride from plasma proteins. The 
voltage was recorded via an optically isolated 
preamplifier [8], displayed on a chart recorded (PAR 
1000) and recorded on magnetic tape for later 
analysis. 

Before the sensors were mounted in the Y- 
connectors, they were tested tm vitro to ensure that 
the voltages recorded in saline and [Lit] 1 mmol 
litre’? in saline were correct: change from one 
solution to the other should produce a 10-mV change 
in membrane potential. The sensor was then sealed 
into one limb of the Y-connector and sterilized by 
immersion in glutaraldehyde. The gluteraldehyde 
was washed out with saline and the calibration 
repeated. The Y-connector with three-way tap was 
connected via a second three-way tap to the hub of 
the arterial cannula. A 10-cm length of tubing and 
20-ml syringe were connected to the open limb of the 
Y-connector so that blood could flow past the sensor 
into the syringe. The flow varied depending on the 
size of the arterial cannula, packed cell volume 
(PCV) and arterial pressure, but was in the range 
15-30 ml min™?; at no stage did blood or flushing 
fluid pass back over the sensor into the arterial 
catheter. Blood was allowed to flow past the sensor 
until a stable baseline voltage was recorded and then 
LiCl 0.6 mmol (2 ml of a 0.3-mol litre solution) 
was injected into the superior vena cava via one of 
the catheters in the right internal jugular vein. The 
deadspace of this catheter had previously been 
cleared with the LiCl solution and care was taken to 
inject exactly 2 ml. Ampoules containing 10 ml of 
LiCl 0.3 mol litre? had been prepared by St 
Thomas’s Hospital pharmacy. When the second 
LiDCO curve had been obtained, another sensor was 
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10 mV 





Fig. 2. A LiDCO curve showing its division into areas A and B. 
The total area which would have been inscribed by the curve had 
there been no recirculation = (A+B+B/2). 


attached and the same procedure repeated. Each 
lithium sensor was used to make two cardiac output 
measurements. Between these two measurements, 
three TD measurements were made. The LiDCO 
and TD estimates were therefore not simultaneous, 
but the intervals between them were as short as 
possible, usually less than 1 min. The mean of the 
LiDCO values was compared with the mean of the 
TD values. Up to three sensors were tested in this 
way in each patient; results were obtained from 22 
electrodes in the nine patients. 

The plasma flow was derived from the dilution 
curve by dividing the injected dose of LiCl by the 
area which would have been inscribed by the curve 
if there had been no recirculation of the Lit. Using 
an iterative model based on a two-compartment 
filter, a simple algorithm was developed to allow 
calculation of this area (fig. 2): it is equal to 
A+B+B/2, where A = the area enclosed between 
the start of the increase in [Lit] and the peak 
concentration and B = the area enclosed between the 
peak concentration and a point on the curve when 
[Lit] had decreased to 50% of its peak. This 
procedure is similar to that used for thermodilution, 
except that the cut-off is slightly earlier, to avoid 
recirculation. On the basis of this model, the 
calculated total area was correct to within 2%. The 
areas were measured by amplifying the curves during 
playback on to standard paper, cutting out the areas 
A and B, weighing them and multiplying these 
weights by the area per unit weight of the paper. 
Weighing was accurate to + 0.5 mg using a Sartorius 
balance, which is equivalent (in terms of cardiac 
output) to an accuracy of +0.5%. The area is in 
units of mmol litre+s. Cardiac output was then 
derived: 

Cardiac output (litre min) = 

dose of LiCl (mmol) x 60 
area of curve (mmol litre™ s) x (1-PCV) 


where the factor 60 converts flow from litres to 
litre min“! and division by (1-PCV) converts plasma 
flow to blood flow, since Li* is distributed only in the 
plasma fraction of blood. PCV was calculated as 
haemoglobin concentration (g dl“) divided by 33 
(Radiometer OSM3 Hemoximeter). 

The sensor gave a constant reading in blood in the 
absence of any Li‘, as a result of the cross-sensitivity 
of the ligand with Nat, so that it read the background 
plasma [Nat] (140 mmol litre+) as approximately 
[Lit] 2.4mmollitre?. The injections of LiCl 
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0.6 mmol produced small increments on top of this 
background voltage and, over this narrow range, the 
voltage change of the sensor approximated closely to 
a linear response to [Lit]. The linearity of the 
response over this range was confirmed by adding 
aliquots of Lit to blood in vitro. LiDCO values could 
therefore be calculated without transformation of the 
curves before determining their areas. 


LiDCO (TD) cardiac output (litre min`!) 





5.4 (5.5) 8.2 (8.0) 6.2 (6.7) 
KAR A _ 
208 


Fie. 3. Examples of LiDCO curves obtained in different 

patients. The cardiac output is shown above each curve with the 

corresponding TD reading in brackets. From left to right, the 

areas of the curves are 9.08, 6.07 and 8.49 mmol litre s, with 

corresponding haemoglobin concentrations of 8.9, 9.1 and 
10.4 g di“. 


---- Y= 0.72 + 0.84x; r= 0.89 


LIDCO (litre min~’) 





4 5 6 7 8 9 10 
Thermodilution (litre min~') 


Fic. 4. Correlation between LiDCO and TD for 22 lithium 
sensors. Each point represents the mean of two LiDCO values 
plotted against the mean of three TD values. The solid line 
represents y = x and the dotted line the least squares regression. 


TD-LiDCO (litre min!) 





(LIDCO + TD)/2 (litre min!) 


Fic. 5. Graph of the differences between LiDCO and TD 
plotted against the mean. The thick dotted line shows the bias 
(295 ml min“) and the thin dotted lines show the +2 sp limits. 


BRITISH JOURNAL OF ANAESTHESIA 


RESULTS 


Figure 3 shows three LiDCO curves obtained in 
different patients at different cardiac outputs. Peak 
plasma [Lit] reached in the third curve was about 
1.3 mmol litre. Results were obtained from 22 of 
27 electrodes in the nine patients. Results from five 
electrodes were rejected either because of excessive 
drift or because they had a reduced span when 
calibrated after use. The correlation between the 
LiDCO and TD measurements is shown in figure 4. 
The average of all the L1DCO readings was 6.1 litre 
min and that of the TD readings 6.4 litre min“; 
the average TD estimate was 295 ml min™ greater 
than the LiDCO. This is also shown in figure 5, in 
which bias (TD—LiDCO) is plotted against 
(LiDCO+TD)/2, as recommended by Bland and 
Altman [9]. The sp of the bias was 498 ml min“. 


DISCUSSION 


It is not possible to conclude from our data that 
LiDCO is more accurate than TD, although this 
may prove to be the case. Stetz and colleagues [10] 
analysed 14 reports of the reliability of TD and 
concluded that, for commercially available systems, 
there should be a minimum difference of 13% 
between triplicate (or 22 % between single) measure- 
ments for it to be considered to be clinically 
significant. If this magnitude of error existed in the 
TD estimations in the present study, this could have 
accounted for a significant proportion of the dis- 
crepancy between the two methods. There are 
circumstances, such as triscupid regurgitation or 
peripheral migration of the Swan—Ganz catheter, in 
which TD has been shown to give unreliable 
measurements [11, 12]. 

Lithium was the obvious choice of cation as the 
indicator in this technique as various ligands are 
available for the construction of Lit-selective elec- 
trodes and Li* is not normally present in the blood, 
except in trace quantities, nor is 1t bound by protein. 
The electrodes have a fast frequency response and, 
as they respond to proportional changes in con- 
centration, large signals are produced for small 
changes close to zero, in accordance with the Nernst 
equation. The main shortcomings of ion-selective 
electrodes, namely long-term drift and the difficulty 
of absolute calibration, are of no significance because, 
in the computation, it is the area under each curve 
which is used and this is inscribed within 15 s. 

There were several possible problems with this 
technique. One was that lithium might be taken up 
by the blood cells or lungs during its transit from the 
right atrium to peripheral arterial blood; either of 
these effects would result in a falsely increased 
estimate of the cardiac output. The present study 
indicates that such uptake is unlikely to be signifi- 
cant. The addition of aliquots of lithium chloride to 
whole blood in vitro showed that there was no 
measurable reduction in plasma [Li+] during at least 
the first 30 min after the additions. The TD estimate 
of cardiac output was, on average, 295 ml min`! 
greater than the LiDCO estimate. Although this 
difference is not significant, had there. been a 
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significant loss of Lit there would have been an 
obvious difference in the opposite direction. 

Another possible problem was that the sudden 
transition from room temperature saline to warm 
blood may have caused an unacceptable drift in 
electrode potential, or the non-heparinized blood 
may have caused a rapid deterioration in electrode 
span. In practice, five of the 27 sensors used in this 
investigation were rejected because of either drift or 
failure to calibrate; it 1s likely that these failures were 
caused by errors in the construction of the sensors, 
rather than a fault in the fundamental design. 

Another problem could have been that the fre- 
quency response of the system, with its deadspace of 
taps and associated tubing, might have been in- 
adequate for the purpose. The dilution curves 
themselves contain internal evidence that this 1s not 
a limiting feature. The cardiac oscillations in [Li*] 
shown in figure 2 and the first and third curves in 
figure 3 are genuine rather than pressure or flow 
artefacts, as they do not appear on the trace before 
the increase in [Lit] or during the recirculation peak. 
They are caused when [Lit] is increasing or 
decreasing rapidly and occur because the first 
fraction of blood to fill the left ventricle is the last to 
be ejected. Whether or not cardiac oscillations are 
seen depends on the response time of the sensing 
system, the rate at which [Lit] is changing in 
pulmonary venous blood, left ventricular ejection 
fraction and heart rate. The present flow-through 
cells were relatively crude and based upon available 
components. A considerable reduction in deadspace 
is possible and a total blood sample of less than 5 ml 
per measurement is our objective. 

Measurement of cardiac output by lithium dilution 
has potential advantages over other methods. It is 
accurate, quick, simple and avoids the hazards of 
pulmonary artery catheterization. Non-invasive 
methods of measuring cardiac output, such as 
thoracic biolimpedance and Doppler ultrasound, 
have the advantage of continuous monitoring but are 
both difficult and inaccurate, especially in patients 
who have recently undergone heart or aortic surgery. 

Lithium is distributed initially into plasma and 
then extracellular fluid and later into a volume equal 
to that of total body water (40 litre in a 70-kg 
subject). It is not metabolized and is excreted almost 
entirely in the urine, with a renal clearance of 
approximately 25% of glomerular filtration rate or 
about 30 ml min [13]. The therapeutic range is 
0.40.8 mmol litre", with the blood being taken 12 h 
after the last dose [14]; peak concentrations may be 
considerably greater than those at 12h [15]. The 
acute lethal dose of lithium varies, but is generally 
associated with a plasma concentration greater than 
3.5 mmol litre! 12h after ingestion. The greatest 
concentration in our patients was about 1.3 mmol 
litre!, but this was only for a few seconds and would 
not have been transmitted to the extracellular fluid. 
We have found that awake subjects experience no 
sensation of any sort when given doses of LiCl up to 
1 mmol, rapidly i.v. A recommendation would need 
to be made concerning the total number of LiDCO 
measurements which could be made safely within 
any period. We are not yet in a position to do so, but 


265 


the number would be large before the therapeutic 
concentration of lithium in extracellular fluid was 
reached, even in the absence of excretion. The dose 
used (0.6 mmol) was chosen to give an adequate 
signal over a range of cardiac outputs. It may be 
possible to develop a membrane which has a greater 
selectivity ratio for Lit over Nat and this would 
allow a corresponding reduction in the dose of 
lithium. LiDCO would probably not be a suitable 
method for patients receiving oral lithium. 

Improved quality control in manufacture of the 
electrodes should avoid any failures and they will be 
disposable, sterilized by gamma irradiation and 
stored dry. The signal from the lithium sensor 
would, of course, be analysed by computer at the 
bedside, with immediate display of the curve and 
calculated cardiac output. It is possible that a scaled- 
down version of the sensing system would allow 
cardiac output measurements in babies and small 
children, with correspondingly smaller doses of 
LiCl. 

With further development, we hope that lithium 
dilution may prove to be an accurate method of 
measuring cardiac output, while avoiding the hazards 
associated with pulmonary artery catheters. It would 
allow measurements to be made within a few minutes 
in patients in whom central venous and arterial 
catheters are in place, without exposing them to any 
further risk. (The sensor is the subject of patent 
applications held by Monitoring Technology Ltd, 
United Medical and Dental School, St Thomas’s 
Hospital, London SEI 7EH.) 
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C. MARTIN 


SUMMARY 


We have studied the effects of bolus doses of 
midazolam 0.15 mg kg i.v. on intracranial pressure 
(ICP), mean arterial pressure (MAP) and cerebral 
perfusion pressure (CPP) in 12 patients with severe 
head injury (Glasgow Coma Scale score < 6). The 
study was performed in patients aged 17-44 yr who 
were sedated (phenoperidine 20 ug kg" h) and 
paralysed (vecuronium 2 mg h"'). Midazolam re- 
duced MAP from 89.0 mm Hg to 75.0 mm Hg (P 
< 0.0007), while CPP decreased from 71.0 mm Hg 
to 55.8 mm Hg (P < 0.0007). During the study, 
CPP decreased to less than 50 mm Hg in four 
patients. Midazolam induced small, non-significant 
changes in ICP. However, when control ICP was 
less than 18 mm Hg (n = 7 patients), an increase in 
ICP was observed. The remaining five patients 
(control ICP 218mmHg) exhibited a slight 
decrease in ICP. These findings suggest that bolus 
administration of midazolam should be performed 
with great caution in patients with severe head 
injury, especially when ICP is less than 18 mm Hg. 
(Br. J. Anaesth. 1993; 71: 267-271) 
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The aim of intensive medical treatment in patients 
with severe head injury is to prevent secondary 
cerebral damage with the maintenance of an adequate 
cerebral perfusion pressure (CPP). This may be 
undertaken by controlling intracranial pressure 
(ICP) and maintaining adequate mean arterial press- 
ure (MAP), blood-gas tensions, temperature, blood 
glucose and electrolyte concentrations and serum 
osmolarity. Nociceptive stimulation may induce an 
increase in ICP, and thereby decrease CPP, which 
may induce cerebral ischaemia. Muscle paralysis, 
adequate analgesia and sedation are usually used to 
prevent such undesirable increases in ICP [1]. 

The introduction of infusions of hypnotic drugs 
for the treatment of post-traumatic ICP increases, as 
a measure to minimize secondary brain damage, has 
led to a search for agents with a shorter duration of 
action and fewer side effects than barbiturates. 
Midazolam is a water-soluble, short-acting benzo- 
diazepine that has been recommended as an effective 


i.v. agent for induction of anaesthesia [2]. Its effects 
on ICP and CPP are not known in patients with 
severe head injury and have been studied only in 
neurosurgical patients [3,4]. However, these find- 
ings may not be applicable to head-injured patients, 
as they were performed on patients with focal 
intracranial lesions before elective neurosurgical 
procedures. In many of these patients, ICP was 
normal and intracranial compliance may have been 
sufficient to allow some increase in intracranial 
volume without change in ICP. The aim of this work 
was to study, in patients with head injury, the effects 
of an i.v. bolus injection of midazolam on ICP, MAP 
and the resulting CPP. 


PATIENTS AND METHODS 


After approval by our local Committee for the 
Protection of Human Subjects, informed consent 
was obtained from members of the patients’ families. 


Patients 


‘The study was performed in 12 patients (11 male) 
admitted to the Intensive Care Unit (ICU) with 
severe head injury (Glasgow Coma Scale score < 6). 
Intracranial pathologies are shown in table I, which 
also lists age, diagnosis, initial GCS score, associated 
injuries and outcome of the study patients. The 
mean weight of the patients was 69.5 (sp 9.6) kg. 
Throughout the study, the patients were lying in the 
horizontal position with 15° of head elevation. 
Monitoring 

A radial artery was cannulated to measure MAP 
continuously and to allow blood sampling (Merlin 
1092-A, Hewlett Packard, Andover, MA). The zero 
reference for the arterial transducer was the mid- 
axillary line. Pao, and Paco, were measured before 
and 10min after injection of midazolam (Ciba 
Corning B 288, Ciba Corning diagnostics corp., 
Medfield, MA). Intracranial pressure was measured 
with a digital pressure monitor (mod. 420, Camino 
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TABLE J. Patient data. SAPS = Simplified Acute Physiology Score; ISS = Injury Severity Score 





Initial 
Patient Age GCS Intracranial Associated Stay in 
No. (yr) score pathology injuries ISS SAPS ICU (days) Outcome 
| 44 4 Extradural Fracture of 29 15 25 Good 
haematoma femur recovery 
Cerebral 
contusion 
2 28 4 Cerebral 25 7 31 Good 
contusion recovery 
3 28 5 Haemorrhagic Liver 50 12 19 Severely 
cerebral laceration disabled 
contusion Fracture of 
Extradural and pelvis 
subdural 
haematoma 
4 30 6 Extradural Fracture of 35 17 13 Moderately 
haematoma femur disabled 
Cerebral Pulmonary 
contusion contusion 
5 32 6 Subdural Fracture of 34 13 19 Moderately 
haematoma tibia disabled 
Cerebral 
contusion 
6 32 6 Extradural Fracture of 35 15 18 Good 
haematoma femur recovery 
Cerebral 
contusion 
7 17 6 Cerebral Fracture of 34 16 55 Severely 
contusion tibia disabled 
8 29 4 Cerebral 25 16 21 Moderately 
contusion disabled 
Extradural 
haematoma 
9 18 6 Cerebral 25 7 14 Good 
contusion recovery 
10 19 3 Cerebral Fracture of 34 11 15 Moderately 
contusion femur disabled 
Extradural 
haematoma 
11 30 6 Cerebral 29 8 13 Good 
contusion recovery 
12 32 6 Cerebral Fracture of 44 13 14 Moderately 
contusion femur disabled 
Mean 28,3 5.2 33.3 12.5 21.4 
sD 1.1 7.7 3.6 11,9 


Laboratories, San Diego, CA) which utilizes an 
intracranial bolt and sterile miniature intra- 
paranchymal pressure transducer [5]. The study 
was performed less than 48 h after insertion of the 
device. Cerebral perfusion pressure was calculated 
automatically by the monitor as CPP = MAP—ICP 
and displayed continuously. Continuous records of 
MAP and ICP were stored on computer (Vectra, 
Hewlett-Packard, Andover, MA). 


Clinical management 


All patients received the same standard man- 
agement, including immediate neurological assess- 
ment by Glasgow Coma Scale score, early diagnosis 
and treatment of mass lesions, followed by intensive 
treatment and monitoring. Computerized tomogra- 
phy was performed on admission, 2—4 days later and 
whenever indicated. All patients received inter- 
mittent positive pressure ventilation to maintain 
Pago, in the range 3.3-4.3 kPa. Inspired oxygen 
concentration was adjusted to maintain Pao, in the 
range 10.0—20.0 kPa. 

Patients were sedated using a continuous i.v. 
infusion of phenoperidine 20 ug kg h and para- 


lysed with a continuous infusion of vecuronium 
2 mg h-t. Fluid intake was restricted to 5% glucose 
l mi kgh. No colloidal solutions, vasoactive 
agents, steroids or prophylactic anticonvulsants were 
administered before or during the study. Measure- 
ments were performed in stable patients, at least 12 h 
after the last infusion of mannitol or frusemide. 

The effects of an i.v. bolus dose of midazolam 
0.15 mg kg over a 1-min period on MAP, ICP and 
CPP were investigated. Midazolam was administered 
by manual injection into an infusion given con- 
tinuously via a peripheral i.v. cannula. From the 
computer recordings, the following measurements 
were made: MAP, ICP and CPP in the 5 min before 
injection of midazolam (control values for MAP, 
ICP and CPP); MAP, ICP and CPP at I-min 
intervals for 15 min after administration of mid- 
azolam; MAP, ICP and CPP at 5-min intervals for 
the next 15 min. 


Statistical analysts 

Statistical calculations were performed using the 
Statistical Analysis System software package (SAS 
Institute, Cary, NC) [6]. Two-way analysis of 
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Fig. 1. Mean (sEM) MAP, CPP and ICP before (time 0, control) and after administration of midazolam 0.15 mg kg 
i.v. Changes from control values statistically significant for MAP and CPP. 
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Fic. 2. Mean (SEM) change in ICP before (time 0, control) and after administration of midazolam to patients with 
control ICP < 18 mm Hg (O) and those with control ICP > 18 mm Hg (@). 


Tass II. Pay and Pago, values at the time of injection of midazolam 
0.15 mg ke” 1 i.v. (Initial) and 10 min after injection (Final) 


Patient Initial Pap, Final Pao, Initial Paco, Final Pago, 
No. (kPa) (kPa) (kPa) (kPa) 
1 11.6 10.7 4.1 4.0 
2 18.9 19.9 4.0 4.1 
3 15.9 13.0 3.7 3.2 
4 10.0 9.5 43 4.4 
5 16.1 15.2 3.9 4.0 
6 16.1 16.5 3.7 3.7 
7 16.8 16.0 3.9 3.7 
8 13.9 17.5 4.3 3.6 
9 10.0 10.4 4.3 4.4 

10 15.9 15.2 3.3 3.7 

1] 13.7 14.0 4.3 4.4 

12 16.9 15.3 3.6 4.0 

Mean 14.7 14.5 3.9 3.9 

SD 2.8 3.1 0.3 0.4 


variance and Dunnett’s t-test for multiple compari- 
sons were used to determine significant variations 
with time. Paired variables were compared using 
Student’s z test. P < 0.05 was considered significant. 


RESULTS 


Changes in ICP, MAP and CPP are presented in 
figure 1. The bolus dose of midazolam induced a 
significant decrease in MAP (P < 0.0001). MAP 
decreased nine of 12 times after midazolam injection; 


in six patients this decrease was 10-20% of MAP 
control and in two other patients the maximal 
decrease was 20-30 %. In the remaining patient, the 
maximal decrease in MAP reached 50% of control 
value. Despite these decreases in MAP, ICP in- 
creased slightly (not significant). Four of 12 bolus 
doses of midazolam were followed by a sustained 
increase in ICP greater than 5 mm Hg. 

As a result of these changes in ICP and MAP, CPP 
was significantly reduced from the second 1 min 
after injection to the end of the study period (P < 
0.0001). The decrease in CPP was observed in all 
patients, and was occasionally severe; it decreased to 
less than 50 mm Hg for 4 min in two patients and for 
28 min in two others. One of the 12 patients had a 
CPP less than 50 mm Hg before administration of 
midazolam; CPP remained stable after the injection 
of midazolam. The magnitude of variation in the 
different variables (MAP, ICP, CPP) was evaluated 
according to the control value of ICP. We divided 
the patients into two groups: group 1 (n = seven) 
with a contro] ICP less than 18 mm Hg; group 2 (n = 
five) with an ICP greater than or equal to 18 mm Hg. 
Although baseline values of MAP were not different 
between the two groups, analysis of variance showed 
that in group 1 the decrease in MAP was more 
pronounced than in group 2 (P < 0.0001). CPP was 
decreased significantly in both groups, with the 
change more pronounced in group | than in group 2 
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(P < 0.0001). This was related probably to the 
increase in ICP observed in group 1, compared with 
the slight decrease observed in group 2 (P < 0.0001) 
(fig. 2). Table IT shows Pap, and Paco, measurements 
obtained before and 10 min after the injection. There 
were no significant changes over the period of the 
study. 


DISCUSSION 


In managing patients with severe head injury, it is 
essential to use techniques and pharmacological 
agents which do not modify ICP and CPP unfavour- 
ably. Etomidate has been studied in patients with 
intracranial lesions [7] and in patients with severe 
head injury [8, 9]. ICP decreased, but CPP decreased 
slightly because of the effect of etomidate on MAP. 
Propofol has also been studied in such patients [10]: 
ICP was reduced, but CPP decreased because of its 
effects on MAP. Because of their profound cerebral 
vasoconstrictive and metabolic depressant effects, 
barbiturates have been used widely as the drugs of 
choice for induction of anaesthesia or sedation in 
patients with intracranial hypertension. The ability 
of thiopentone to reduce cerebral blood flow (CBF), 
cerebral metabolic rate and ICP has been demon- 
strated by Nordström and colleagues [11]. These 
actions are not entirely dependent of the action of 
thiopentone on CPP. Shapiro and colleagues [12] 
reported that ICP has been shown to decrease 
significantly in patients with intracranial hyper- 
tension, but not in patients with normal ICP. 
There have been several reports of the effects of 
benzodiazepines on ICP and CCP. Tateishi and 
colleagues [13] have shown that diazepam causes a 
decrease in MAP and CPP. ICP was maintained 
when baseline values of ICP were greater than 
15mm Hg, but when baseline values were less 
than 15 mm Hg, ICP decreased. However, this study 
was conducted in neurosurgical, but non-injured 
patients. Midazolam may offer some advantages 
compared with other benzodiazepines because it is a 
short-acting, water-soluble agent associated with 
cardiovascular stability [14]. In humans, induction 
of anaesthesia with midazolam results in a slight 
decrease in arterial pressure and an increase in heart 
rate to a degree similar to those after hypnotic doses 
of thiopentone [15]. Some experimental studies have 
concluded that midazolam causes a decrease in 
cerebral oxygen consumption (CMRo,) and CBF 
[16-19]. In healthy volunteers, Forster and col- 
leagues [20] have shown a decrease in CBF and an 
increase in cerebrovascular resistance after a bolus 
injection of midazolam 0.15 mg kg, but there are 
conflicting data: Wolff [21] found that the decrease 
in CBF was a result of cerebral metabolic depression, 
rather than a direct vasoconstrictive effect of mid- 
azolam. However, in contrast with these exper- 
imental studies, midazolam has been found to cause 
minimal changes in CBF and CMRo, when admin- 
istered to patients anaesthetized with nitrous oxide— 
fentanyl [22]. However, midazolam-induced de- 
creases in CBF and CMRo, are dose-dependent only 
to a certain degree, until a plateau effect has been 
established [19]. It is assumed that the onset of this 
plateau effect reflects a saturation of the benzo- 
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diazepine receptors. Fleisher and colleagues did not 
note an effect of midazolam on ICP in dogs without 
intracranial hypertension [19]. 

Few studies have been conducted on the effects of 
midazolam on ICP and CPP [3, 4, 23]. Moreover, 
these studies included patients without head injury. 
After a bolus injection of midazolam 0.2 mg kg™, 
Mastronardi and colleagues [3] found a decrease in 
ICP associated with a slight decrease in MAP in 
spontaneously breathing patients with various in- 
tracranial lesions. Rosa and colleagues [4] did not 
find significant changes in ICP, MAP or CPP after a 
bolus injection of midazolam 0.2 mg kg™ in patients 
with intracranial space-occupying lesions and under- 
going artificial ventilation. Giffin and colleagues [23] 
showed that, in patients undergoing elective surgery 
and with initial small ICP (12 (sp 1) mm Hg), 
there was no difference between thiopentone and 
midazolam in their effects on MAP, CPP and ICP. 
In our study, we have shown that in head-injured 
patients, midazolam produced little change in ICP, 
but a significant decrease in CPP, caused mainly by 
a decrease in MAP. These effects were more 
pronounced in patients with ICP < 18 mm Hg and 
could be related to better preservation of the 
autoregulatory response of the brain. When pressure 
autoregulation is maintained, a sudden reduction in 
MAP is likely to induce cerebral vasodilatation and 
consequently an increase in ICP. Although the 
critical value of CPP after administration of mid- 
azolam has not been determined, CPP was less than 
50 mm Hg in five patients in the present study. This 
is considered the lower limit of autoregulation of 
CBF in hypertensive patients. It has been reported 
that a decrease in CPP to this lower limit could be 
tolerated well in terms of flow—metabolism coupling 
and intracranial pressure in head trauma patients 
[24]. However, after severe brain injury, the critical 
value of CPP could be significantly greater than that 
of normal patients and a value of 70 mm Hg has been 
suggested [25]. At values smaller than this threshold, 
CBF velocity is impaired markedly. 
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CEREBROVASCULAR CARBON DIOXIDE REACTIVITY DURING 
EXPOSURE TO EQUIPOTENT ISOFLURANE AND ISOFLURANE 
IN NITROUS OXIDE ANAESTHESIA 


S. STREBEL, M. KAUFMANN, M. BAGGI AND U. ZENKLUSEN 


SUMMARY 


We have studied the effects of hypocapnia on 
cerebrovascular changes in two MAC-equivalent 
anaesthetic regimens, using the transcranial 
Doppler technique as an index of cerebral blood 
flow (CBF) in 24 healthy ASA | patients undergoing 
spinal surgery. Eight of the patients were subjected 
to carbon dioxide reactivity challenges in the awake 
state. Before surgery, the other 16 patients received, 
in random order, either 1.15% isoflurane in oxygen 
or 0.5% isoflurane with 70% nitrous oxide. Carbon 
dioxide reactivity was calculated for each group as 
the increase in flow velocity per kPa change in 
PE’co, (em s” kPa~'). It was significantly greater for 
the isoflurane group (14.09 (SD 2.44) em s™' kPa’) 
and significantly less for the isoflurane—nitrous 
oxide group (7.95 (1.32) cm s~ kPa) compared 
with the awake group (11.24 (0.95) cm s~ kPa='). 
We conclude that cerebrovascular responsiveness 
to changes in arterial carbon dioxide concentration 
is influenced markedly by the anaesthetic pro- 
cedure. Hyperventilation ts more likely to affect 
CBF during isoflurane anaesthesia than during an 
MAC-equivalent isoflurane-nitrous oxide anaes- 
thesia. (Br. J. Anaesth. 1993; 71: 272-276) 


KEY WORDS 


Anaesthetics, volatila: isoflurane. Anaesthetics, gases. nitrous 
oxide. Brain: blood flow, carbon dioxide tension. Carbon 
dioxide: hypocapnia. Monitoring: transcranial Doppler. 


All volatile anaesthetics have cerebral vasodilator 
properties that produce a dose-dependent increase in 
cerebral blood flow (CBF) [1]. Administration may 
cause potentially dangerous increases in CBF, and 
hence intracranial pressure, in some neurosurgical 
patients. However, these changes in CBF may be 
attenuated effectively by controlled hyperventilation 
[2]. In addition to hypocapnia, many clinicians use 
volatile anaesthetics in combination with nitrous 
oxide, thereby reducing the concentration of volatile 
drug required. 

Isoflurane is considered increasingly for neuro- 
surgical anaesthesia because it has weaker cerebral 
vasodilator properties than other halogenated an- 
aesthetic agents [3—5]. In neuroanaesthesia, nitrous 
oxide is used commonly in combination with iso- 
flurane during moderate hypocapnia. Because hyper- 


ventilation is an almost universal component of 
neurosurgical anaesthesia, with or without nitrous 
oxide, it is essential to understand the relationship 
between CBF and arterial carbon dioxide concen- 
tration during anaesthetic conditions. The present 
study was designed to compare carbon dioxide 
responsiveness during two anaesthetic regimens— 
either isoflurane alone or an MAC-equivalent 
isoflurane—nitrous oxide combination, with the 
awake state. The anaesthetic-induced CBF changes 
were assessed using a transcranial Doppler (TCD) 
technique. 


PATIENTS AND METHODS 


We studied 24 ASA I patients (mean age 36 yr (range 
24-54 yr); 14 male) undergoing elective spinal 
surgery. No patient had signs or symptoms of 
neurological or cerebrovascular disease. Informed 
consent was obtained and the study was approved by 
the Committee for Ethics in Human Research of our 
institution. All patients had fasted for at least 8 h and 
were unpremedicated. Monitors were used to record 
ECG (Spacelabs), arterial pressure, non-invasive 
(Spacelabs) and percutaneous oxygen saturation 
(Spo) CNellcor 2500). A carbon dioxide analyser and 
a multigas analyser (Nellcor 2500) were incorporated 
in the breathing system to monitor end-tidal carbon 
dioxide partial pressure (PE’c9,) and concentrations 
of nitrous oxide and isoflurane. 

Cerebral blood flow velocity was measured for 
each subject both with and without carbon dioxide 
challenge; all measurements were made before 
surgery. Eight of the patients were subjected to 
carbon dioxide reactivity measurements in the awake 
state before induction of anaesthesia. The remaining 
16 patients were allocated randomly to receive a 
1-MAC anaesthetic gas concentration comprising 
isoflurane alone or isoflurane and nitrous oxide. 

Anaesthesia was induced with a single dose of 
propofol 1 mg kg“ and alfentanil 20 ug kg}; vecur- 
onium 0.1 mg mg was given for neuromuscular 
block. The lungs were ventilated for 4 min with 
isoflurane in oxygen, the trachea intubated and 
thereafter the lungs ventilated mechanically (Sulla 
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direct measurement of capillary flow velocity by 
dynamic capillaroscopy [13], LDF gives an accurate 
measurement of the microvascular blood flow in 
septic patients with microcirculatory disturbances. 
According to Tenland, Salerud and Nilsson [14], the 
error in this technique is less than 6%. In the 
present study, we used two different sites for 
measuring skin capillary blood flow to assess changes 
in different regions. We believe that change in LDF 
at the forehead is more important than change in the 
forearm, because this area is better perfused and 
more susceptible to alterations in flow than most 
other areas of the body [15]. 

Our current state of understanding of the regu- 
lation of microcirculation is incomplete. Local, 
regional and global regulation mechanisms con- 
tribute to control of tissue perfusion. The common 
microcirculatory dysfunctions during CPB are 
reduced arteriolar flow and endothelial swelling. A 
recent study has shown that volume loading with 
hypertonic saline solution in the pre-bypass period 
prevented deterioration in capillary skin perfusion 
observed in a non-volume-treated control [16]; this 
probably resulted from avoidance of endothelial 
swelling. Poorly perfused capillaries cause liberation 
and activation of various mediators by which cell 
adhesion and vasoconstriction are promoted and a 
vicious cycle of progressive tissue damage is insti- 
tuted [2]. The hypothesis that the intestinal organs 
become ischaemic during CPB is supported by a 
study by Fiddian-Green [17]. Maintenance of the 
oxygen supply to “vital” organs is accomplished by 
peripheral resistance, evident most readily in the 
skin. 

‘There are many causes of acidosis during CPB and 
the appropriate value of pH during bypass has been 
controversial for the past 20 years. Nevertheless, 
maintenance of a “normal” pH is a common 
objective during CPB. Blood pH tends to decrease 
during bypass, because of inadequate perfusion and 
activation of various mediator systems (whole body 
inflammatory syndrome [18]). 

Sodium bicarbonate is known to reduce arterial 
pressure by peripheral vasodilatation [19] and is said 
to produce negative inotropic effects [20]. In this 
study it caused a decrease in arterial pressure for 
only 5 min, but the microcirculatory blood flow was 
increased. Thus pressure is not the only important 
aspect to monitor during CPB; flow-related variables 
appear to be of equal importance. In addition to 
macrohaemodynamic influences (arterial pressure, 
CI), the vascular endothelium appears to be involved 
in adjustments of tissue perfusion [21-23]. Another 
aspect of flow regulation—rheological resistance 
offered by blood and its constituents (haemoglobin 
concentration, osmolarity, viscosity)—remained 
stable during the present study. Thus it may be 
assumed that local factors, such as endothelium- 
dependent vascular relaxation (mediated by endo- 
thelium derived relaxant factor (EDRF), nitrous 
oxide or other factors) might be impaired by acidosis, 
suggesting abnormalities of local vasomotor regu- 
lation. Consequently, correction of acidosis may 
result in normalization of these regulatory mech- 
anisms as seen by an instant increase in skin capillary 
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blood flow in the present study. Furthermore, 
McGillivray-Anderson and Faber [24] demonstrated 
experimentally that alpha,-adrenoceptor mediated 
(microvessel) vasoconstriction may be selectively 
sensitive to reduction in tissue pH (from 7.4 to 7.1). 
They concluded that this marked sensitivity of alpha, 
constriction to tissue acidosis may be involved in 
abnormalities of microcirculatory tissue perfusion. 

We cannot deduce from this study if recruitment 
of capillaries, improved (more homogenous) flow in 
the capillary network or direct changes in the 
microvascular tone were responsible for the increase 
in LDF. According to Gaethgens [23], the degree of 
heterogeneity may be one important aspect by which 
the relationship between flow and tissue oxygenation 
can be modified. 

It is not evident from our study if positive effects 
of NaHCO, on the cutaneous microcirculation are 
predictors of clinical efficacy. Waxman and co- 
workers [25] showed that absolute LDF values were 
not predictive for absolute CI values, but LDF 
clearly reflected acute changes in CI. As shown by 
the present results, CI is not the only factor that 
influences microcirculatory blood flow. Although the 
pump of the extracorporeal circuit maintained a 
stable CI, LDF changed significantly in the two 
groups. It has been suggested that monitoring of 
cutaneous microcirculatory blood flow by the laser 
Doppler technique may provide useful information 
on total body perfusion in the critically ill patient 
[26, 27]. 

In the present study, the investigation was limited 
to 15 min after correction of acidosis. After this 
period, several variables such as additional fluid, 
rewarming, additional anaesthetics and other factors 
make interpretation of microcirculatory blood flow 
assessed by laser Doppler technique very difficult or 
even impossible. Nevertheless, LDF remained in- 
creased after correction of acidosis until the end of 
CPB. 
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EFFECT OF RENAL FAILURE ON DRUG METABOLISM BY THE 


LIVER 


A. C. ELSTON, M. K. BAYLISS AND G. R. PARK 


The selection of a safe and effective drug regimen for 
patients with renal impairment can be difficult. Data 
obtained from studies in people with normal renal 
function cannot be used to design drug therapy for 
patients with renal failure. Many drugs and their 
metabolites undergo renal excretion and therefore 
accumulate in renal failure. However, relatively little 
is known about the effect of renal impairment on 
drug metabolism by the liver. 

Drug metabolism is a process that alters the 
pharmacological activity and rate of excretion of a 
drug. It consists of reactions such as oxidation and 
reduction in which a new functional group is created, 
and conjugation reactions in which substances such 
as glucuronic acid, sulphate or amino acids are added 
to the molecule. The product of metabolism is 
generally inactive and water soluble, and can be 
excreted in either the urine or the bile. Renal failure 
may influence hepatic drug metabolism either by 
inducing or inhibiting hepatic enzymes, or by its 
effects on other variables such as protein binding, 
hepatic blood flow and accumulation of metabolites. 
This review examines all of these effects. 

In order to investigate the effect of renal im- 
pairment on hepatic drug metabolism im vivo, it 
is necessary to study the effect of renal disease 
on systemic metabolic clearance. A brief outline 
of clearance and other pharmacokinetic variables 
examined in this review is given below. 


PHARMACOKINETIC CONCEPTS 


Clearance 


Clearance is the term used to describe the intrinsic 
ability of the body to clear a drug from the blood or 
plasma. ‘Total clearance is defined as the volume of 
plasma which can be cleared of a drug by the 
metabolizing organ, or the kidney, in unit time. 
Clearance is additive and total clearance includes 
renal, metabolic and biliary clearances: 


Ch: = Ch + Ch, + Cl, 


where Cl, = total clearance; Cl, = renal clearance; 
Cla = metabolic clearance; Cl, = biliary clearance. 
Metabolic clearance can usually be taken to represent 
hepatic metabolism, although a few drugs such as 
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midazolam [73], morphine [17] and propofol [31, 39] 
undergo substantial extrahepatic metabolism. Biliary 
clearance is usually small so, for most drugs, if total 
and renal clearances are known, metabolic clearance 
can be calculated from the difference. However, 
there are some drugs such as acebutolol [51] that 
undergo active biliary secretion and have significant 
biliary clearances which must be measured. 

Total clearance is inversely proportional to the 
area under the plasma concentration vs time curve 
(AUC). As AUC depends also on the dose of drug 
administered, total clearance may be defined by the 
following equation: 


Dose 
Ch = AUC 
Systemic metabolic clearance depends on hepatic 
blood flow, the plasma concentration of unbound 
drug and intrinsic hepatic clearance. Intrinsic hep- 
atic clearance is the theoretical maximum clearance 
of unbound drug by the liver in the presence of 
unrestricted hepatic blood flow [50] and is therefore 
a measure of the metabolic capacity of liver enzymes. 
Intrinsic clearance can be changed only by alterations 
in the metabolizing enzymes (induction or inhi- 
bition), so any differences in intrinsic clearance 
observed in patients with renal failure compared 
with healthy controls signifies a change in enzyme 
function. 
Metabolic clearance can be defined also by the 
equation: 
Clu — On xX E 


where QO, = hepatic blood flow; E = extraction ratio. 
The extraction ratio is the fraction of drug removed 
from the blood during its passage through the liver, 
and is defined by the following equation: 


Ca— C, 


Ps 


where C, = arterial concentration of drug; C, = 
venous concentration of the drug. Drugs with a large 
metabolic clearance (> 1000 mi min“?), such as pro- 
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pranolol and verapamil, have extraction ratios greater 
than 0.7 and elimination is perfusion-dependent. 
Drugs with a small metabolic clearance (< 300 ml 
min), such as diazepam and theophylline, have 
extraction ratios less than 0.2 and elimination is 
perfusion-independent. The clearance of most drugs 
with a small extraction ratio depends on the extent of 
protein binding and intrinsic clearance [83]. 
Distribution 

Drugs are distributed from the plasma to the 
tissues and to proteins in the plasma and in the 
tissues. The extent to which a drug is distributed to 
the tissues is measured by the volume of distribution 
(V). This is not a real volume—it refers to the 
apparent volume of plasma which the dose of a drug 
would have to occupy in order to obtain the observed 
plasma concentration. Thus it merely relates the 
plasma concentration of a drug to the amount of drug 
in the body at a given time, it may exceed the plasma 
volume (5 litre) or even the total body water volume 
(60 litre). 

The extent to which drugs bind to plasma proteins 
varies from 0% (lithium) to 99 % (warfarin). Acidic 
and neutral drugs tend to bind to albumin, while 
basic drugs bind more commonly to «,-acid glyco- 
protein. Free and protein-bound drug both undergo 
distribution, although protein binding restricts dis- 
tribution considerably, as only unbound drug can 
enter cells. An equilibrium exists between bound 
and unbound drug, and as the unbound fraction is 
removed from the plasma by elimination, distri- 
bution, or both, bound drug dissociates from its 
binding sites. About 60% of total body albumin is 
extravascular, so tissue protein binding also plays an 
important part in drug distribution. 


Half-life 

Plasma elimination half-life is the term most 
commonly used to express the duration of action of 
a drug; it is defined as the time taken for the plasma 
concentration of drug to decrease by 50%, after the 
distribution equilibrium has been attained. As the 
elimination of most drugs takes place according to 
first-order rate kinetics, the rate of decrease of 
plasma concentration depends on the concentration 
of drug present in the plasma at time ż and the 
elimination rate constant ($): 


dc 
g TECE 


The elimination half-life (7}) is a reflection of the 
elimination rate constant and is defined by the 
equation: 


The duration of action of a drug depends also on 
the volume of distribution, as it is the extent of 
distribution which determines the actual concen- 
tration of drug in the plasma that is presented to the 
clearing organ. Clearance also affects the duration of 
action of a drug, as it measures the intrinsic ability of 
the body to eliminate the drug. 


TABLE I. Changes tn binding of drugs to plasma proteins in patients 
with renal failure 


Drug Change in binding 


Acidic drugs 
Desmethyldiazepam Decreased [63] 


Phenytoin Decreased [3, 44, 65, 67, 72] 
Benzyl penicillin Decreased [33] 
Salicylate Decreased [3, 33, 57] 
Frusemide Decreased [4, 68] 
Warfarin Decreased [7, 13] 

Basic drugs 
Disopyramide Increased [43] 
Vancomycin Decreased [75] 
Thiopentone Decreased [3, 40] 
Morphine Decreased [67] 


‘Thus the elimination half-life of a drug is governed 
by its volume of distribution and clearance: 


Bioavailability 

When a drug is given orally, the whole dose may 
not reach the systemic circulation. This is because 
the drug may be absorbed incompletely from the 
gastrointestinal tract, or it may undergo presystemic 
elimination, either in the liver or, less commonly, in 
the gut mucosa (first pass effect). Bioavailability (F) 
is the term used to describe the fraction of an oral 
dose that reaches the systemic circulation. It is 
usually obtained from the ratio of the AUC after oral 
and that after i.v. administration of a drug. 


FACTORS AFFECTING DRUG METABOLISM IN RENAL 


oe FAILURE 
Protein binding 


In uraemic patients, the binding of many acidic 
drugs to albumin is reduced [71] (table I). For drugs 
that are highly protein-bound and have a small 
extraction ratio, this may lead to an increase in 
hepatic clearance [3]. The mechanism for the change 
in protein binding in renal failure is unknown. As the 
plasma concentration of albumin correlates poorly 
with the decrease in protein binding, it has been 
suggested that a conformational change in the 
albumin molecule in renal failure may reduce its 
drug binding capacity [49]. Alternatively, accumu- 
lation of substances such as drug metabolites, free 
fatty acids or organic acids may occur, and these may 
compete with drugs for binding sites on the albumin 
molecule [32]. No correlation has been found 
between the decrease in protein binding and the 
severity of renal impairment as reflected by con- 
ventional biochemical markers of renal function such 
as serum creatinine [44, 67]. Alterations in protein 
binding in renal failure are not corrected by 
haemofiltration [70]. 

Basic drugs bind mainly to o,-acid glycoprotein 
(AAG) and the effect of renal insufficiency on their 
binding is controversial (table I). Despite the fact 
that increased plasma concentrations of AAG are 
found commonly in patients with chronic renal 
failure [43], the protein binding of basic drugs is 
largely unaffected by renal insufficiency [71]. How- 
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Fic. 1. The “futile” metabolic cycle for clofibrate. 


ever, it has been shown that the binding of 
disopyramide to AAG increases in patients with 
renal failure [43], and that of vancomycin decreases 
in patients with end-stage renal failure [75]. 


Hepatic blood flow 


Anaemia secondary to chronic renal failure may 
lead to a hyperdynamic circulation and an increase in 
cardiac output and hepatic blood flow [82]. This 
increases the metabolic clearance of drugs such as 
morphine and lignocaine that have a large extraction 
ratio [50]. 


Oral absorption 


Renal failure may affect the intestinal absorption 
of drugs. For example, the intestinal absorption of 
frusemide [80] and of pindolol [24] 1s decreased in 
patients with impaired renal function. The mech- 
anism for this is unknown, although abnormalities 
such as increased Na*-K*-ATPase activity, inhib- 
ition of cell division and a reduction of microvilli in 
the small intestine have been reported in rats with 
acute uraemia [59]. This effect must be considered 
when interpreting the results of pharmacokinetic 
studies in which drugs are given orally to patients 
with renal failure. 


Accumulation of metabolites 


Impaired renal function may also influence drug 
metabolism through accumulation of metabolites 
that undergo renal excretion. Drugs with metabolites 
that accumulate in renal failure, causing a decrease in 
the rate of elimination of parent drug, include: 
oxazepam [66], lorazepam [81], paracetamol [60], 
ketanserin [10] and clofibrate [61]. Accumulated 
metabolites may compete with the parent drug for 
active transport into hepatocytes, or they may 
compete for hepatic enzymes, thus decreasing hep- 
atic clearance of the parent drug [81]. 

Accumulation of metabolites may lead to an 
increase in entero—-hepatic recirculation, with in- 
creased regeneration of the parent drug. For ex- 
ample, when the renal excretion of some glucuron- 
ides is impaired, there is a compensatory increase in 
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TABLE II. Effect of renal failure on the metabolism of drugs and the 
P-450 isoenzyme responsible for each reaction 


Effect of renal 
failure on drug P-450 
Drug metabolism isoenzyme 

Phenytoin (54, 64] Increased 2C9, 3A2 
Fosinopril [45] Increased 
Cefpiramide [28] Increased 
Nifedipine [19] Increased 3A4 
Antipyrine (58, 77] Increased 1A2B 
Suphadimidine [35] Increased 
Metoclopramide [11, 53] Decreased 
Nicardipine [1] Decreased 3A4 
Nitrendipine [5] Decreased 3A4 
Verapamil [74] Decreased 
Nimodipine [48] Decreased 
Erythromycin [47] Decreased 3A3/4 
Propranolol [15, 56] Decreased 2D6 
Oxprenolol [30] Decreased 2D6 
Bufuralol [8] Decreased 2D6 


Metoprolol [46] 
Lignocaine (26, 79] 
Codeine [41] 
Theophylline [12] 
Nortriptyline [29] 
Isradipine [23] 
Nisoldipine [42] 
Propafenone [21] 


Unchanged 2D6 
Unchanged 3A4 
Unchanged 2D6 
Unchanged 1A2 
Unchanged 2D6 
Unchanged 3A4 
Unchanged 3A4 
Unchanged 2D6 


biliary excretion, with regeneration of the parent 
compound by hydrolysis in the gut. The resulting 
increase in entero—hepatic recirculation may reduce 
the net plasma clearance of the parent drug, as seen 
with oxazepam [66] and paracetamol [60]. 

The accumulation of metabolites may also lead to 
regeneration of the parent drug when an oxidation— 
reduction equilibrium exists between the parent 
drug and its metabolite [81]. This leads to an 
increased plasma concentration of the parent drug, 
which may be confused with a decrease in hepatic 
clearance. For example, the terminal elimination 
half-life of ketanserin depends on the rate of 
elimination of its major metabolite ketanserin-ol, 
because of a metabolic oxidation—reduction equi- 
librium between the two compounds. Consequently, 
accumulation of ketanserin-ol in renal failure leads 
to regeneration of ketanserin [10]. A similar mech- 
anism is responsible for the “futile” metabolic cycle 
(fig. 1) seen in analogues of 2-aryl propionic acid 
compounds such as clofibrate [61] and ciprofibrate 
[34]. In this cycle, accumulation of the labile acyl 
glucuronide in renal impairment is followed by 
deconjugation back to the parent compound and an 
increase in the plasma concentration of parent 
compound. 

Accumulation of metabolites in uraemic patients 
may also result in product inhibition, which is 
thought to contribute to the prolonged elimination 
half-life of lorazepam in patients with renal failure 
[81]. 


Extrahepatic drug metabolism 


Renal impairment may influence drug metabolism 
by an effect on extrahepatic metabolism. The kidneys 
themselves have an important role in drug metabol- 
ism, and many of the drug-metabolizing enzymes 
found in the liver are present also in the renal cortex 
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[2]. In a study of patients with unilateral hydro- 
nephrosis, it has been shown that there is a reduction 
in cytochrome P-450 content and in biphenyl-4- 
hydroxylase activity in the hydronephrotic cortex 
compared with the normal side [86]. It is thought 
that drug metabolism is likely to be reduced in other 
renal diseases characterized by cortical destruction 
[37]. It is possible also that renal diseases may 
modify extrahepatic metabolism at other sites such 
as intestinal mucosa, lungs, brain and skin. 


Inhibition of organic acid transport 

The transport of organic acids such as hippurate 
[25] and indocyanine green [84] into the liver has 
been shown to decrease in renal failure. It is possible, 
therefore, that the transport of other organic acids 
necessary for the metabolism of drugs may also be 
inhibited in patients with impaired renal function. 
For example, isocitrate and a-Ketoglutarate are 
essential for the regeneration of NADPH, which is 
needed for substrate hydroxylation by cytochrome 
P-450, and free fatty acids are necessary for some 
conjugation reactions. Inhibition of the transport of 
these organic acids into the liver in uraemic patients 
may lead to a decrease in hepatic clearance. 
Anion depletion 

Long-term or high-dose paracetamol therapy has 
been shown to be associated with a decreased rate of 
sulphate conjugation in patients with renal dys- 
function [60]. This is thought to be caused by 
sulphate depletion, despite the fact that chronic renal 
failure is usually associated with sulphate retention 
rather than depletion. 


Changes in hepatic cytochrome P-450 


The results of studies on the effects of renal 
impairment on hepatic drug metabolism are con- 
flicting. Metabolism has been shown to be increased, 
decreased or unaffected by renal failure, depending 


TABLE III. Possible mechanisms for induction of cytochrome P-450. 
(Adapted from [36], with permission) 


1. Enhancement of DNA-dependent RNA polymerase. 
2. Increased nucleocytoplasmic transport of 
ribonucleoprotein. 

3. Increased synthesis or stability of mRNA coding for 
cytochrome P-450. 

Increased haem biosynthesis. 

Decreased apoprotein degradation. 

Decreased haem degradation. 


ee 


on the drug and animal species studied. One problem 
with these studies is the possible interaction of other 
variables that could alter the rate of hepatic drug 
metabolism. Of particular importance are concurrent 
drug administration, age, smoking habit and alcohol 
intake. Furthermore, the possibility of pharmaco- 
genetic variation must be considered when inter- 
preting the results of these studies. 

Induction. Several studies have shown that the 
hepatic clearance of certain drugs is increased in 
renal failure (table II). However, the exact mech- 
anisms for this have yet to be elucidated. An increase 
in hepatic clearance is generally indicative of in- 
creased hepatic drug metabolism, provided that 
changes in other pharmacokinetic parameters, such 
as protein binding and bioavailability, have been 
excluded. If substrate concentration is constant, an 
increase in hepatic metabolism results from in- 
duction of the hepatic drug-metabolizing enzymes, 
notably the cytochrome P-450 system. Enzyme 
induction may be caused by increased synthesis of 
cytochrome P-450 enzymes, decreased degradation 
or activation of pre-existing components of the 
cytochrome P-450 system [36]. Figure 2 shows the 
pathways of cytochrome P-450 synthesis and cat- 
abolism. The possible molecular mechanisms of 
induction are listed in table ITI]. The cytochrome 
P-450 system consists of a number of isoenzymes that 
have been classified into families and subfamilies. 
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Renal failure may affect isoenzymes differently, 
which may explain why the effect of renal disease on 
drug metabolism varies for different drugs. 

It has been suggested that, in renal failure, a 
substance(s) that induces certain cytochrome P-450 
isoenzymes builds up in the plasma. Initially, it was 
thought that an enzyme inducer might be leached 
out of dialysis tubing [38]. However, this was not 
supported by the finding that accelerated antipyrine 
metabolism occurred in all patients with chronic 
renal failure, irrespective of whether they had 
received haemodialysis [58]. Another theory is that 
the enzyme inducer present in uraemic plasma is a 
dietary substance, or a metabolite of a dietary 
substance, that accumulates in renal failure [69]. For 
example, cruciferous plants contain naturally oc- 
curring indoles, that are potent inducers of micro- 
somal hydroxylation in the rat [55]. 

Two studies [54, 64] have shown that, after 
phenytoin is given i.v., the elimination half-life is 
significantly shorter in patients with renal failure 
than in patients with normal renal function. This 
could not be explained by a change in volume of 
distribution, as decreased protein binding resulted in 
an increase in volume of distribution in both studies. 
It was suggested, therefore, that the decrease in 
elimination half-life was caused by induction of 
phenytoin metabolism, leading to an increase in 
metabolic clearance. 

Fosinopril is a new angiotensin-converting en- 
zyme inhibitor that undergoes dual elimination 
through the liver and the kidney. It has been shown 
that, as renal function declines, there is a com- 
pensatory increase in the hepatic clearance of 
fosinopril when it is given i.v. [45]. Thus, although 
renal clearance decreases, total clearance remains 
unchanged. Accelerated metabolism and increased 
biliary excretion were shown to account for the 
increased hepatic clearance in this study. Similarly, 
although the renal clearance of i.v. cefpiramide has 
been shown to decrease linearly with creatinine 
clearance, total clearance remained unchanged be- 
cause of a compensatory increase in metabolic 
clearance [28]. 

Nifedipine, which is eliminated almost entirely by 
metabolism, has a significantly greater total clearance 
in patients with terminal renal failure after oral and 
i.v. administration [19]. No differences in protein 
binding were found between healthy volunteers and 
patients with renal failure, and the increased total 
clearance may represent an increase in metabolism. 
However, all the patients in this study were receiving 
long-term haemodialysis and it has been suggested 
that this may increase splanchnic blood flow [9]. As 
nifedipine has a large extraction ratio, an increase in 
hepatic blood flow could account for the increased 
hepatic clearance seen in this study. 

Another drug oxidized by the liver that has 
accelerated metabolism in patients with renal failure 
ig antipyrine. It has been shown that the plasma half- 
life of antipyrine given i.v. is decreased in patients 
with chronic renal failure [58]. As there was no 
significant difference between the volume of dis- 
tribution in patients with chronic renal failure and 
normal subjects, the decrease in plasma half-life is 
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likely to reflect an increase in antipyrine oxidation, 
resulting in an increase in metabolic clearance. A 
possible mechanism suggested for this is enzyme 
induction by endogenous or dietary substances that 
accumulate in renal failure. Accumulation of sub- 
stances found in the water supply, such as insect- 
icides, may also cause enzyme induction [27]. This 
could be especially important in patients receiving 
haemodialysis, who are exposed to large volumes of 
water. Conflicting results have shown that, when 
antipyrine is given orally to patients with renal 
failure, demethylation of antipyrine is decreased, 
while hydroxylation is unchanged [77]. This shows 
that renal failure affects not only individual drugs 
differently, but also each metabolic pathway by 
which they are eliminated. 

Conjugation reactions have been studied in rats 
that have undergone bilateral nephrectomy [22]. 
This work showed that glucuronyl transferase ac- 
tivity is increased in acute uraemia, and suggests that 
the mechanism may be induction by phenols that 
accumulate in renal failure. Phenols and other 
uraemic toxins are inactivated by glucuronidation, so 
this may be an important homeostatic mechanism. 
Increased hepatic acetylation of sulphadimidine, 
another conjugation reaction, occurs in patients with 
chronic uraemia [35], although this effect is reversed 
by long-term haemodialysis. The mechanism for this 
may be induction of hepatic acetylation by amines 
that accumulate in uraemia and are removed by 
haemodialysis. Acetylation is an important detoxifi- 
cation pathway for many amines, so the increase in 
acetylation in patients with renal failure may be a 
compensatory response. 

Inhibition. In contrast to the above findings, the 
metabolic clearances of other drugs appear to be 
decreased in patients with impaired renal function 
(table II); this may result from inhibition of hepatic 
drug metabolizing enzymes. Inhibition of cyto- 
chrome P-450 isoenzymes may be caused by in- 
hibition of enzyme synthesis, increased destruction 
of pre-existing enzymes, formation of drug—enzyme 
complexes that inactivate the enzyme, or depletion of 
cofactors. Alternatively, substances may accumu- 
late in renal failure that are competitive inhibitors of 
drug-metabolizing enzymes. It is not yet known 
which of these mechanisms is responsible for the 
inhibition of drug metabolism in renal failure. 

It has been suggested that a circulating enzyme 
inhibitor is present in uraemic plasma in the rat [76]. 
In that study, livers from healthy rats and rats with 
uranyl nitrate-induced renal failure, were perfused 
with either uraemic or non-uraemic blood. In both 
groups of liver perfused with uraemic blood, the 
hepatic extraction of propranolol was significantly 
decreased. The exact nature of the proposed circu- 
lating enzyme inhibitor is unknown, although many 
endogenous substances, such as amines, organic 
acids, indolic derivatives, amino acids and peptides, 
accumulate in renal failure and could be responsible 
for the enzyme inhibition [14, 76]. 

Another study in rats [52], has shown that the 
decreased hepatic drug metabolism seen in renal 
failure may be caused by a deficiency of 
d-aminolaevulinic acid, which is necessary for cyto- 


RENAL FAILURE AND HEPATIC DRUG METABOLISM 287 


chrome P-450 enzymes synthesis. In this study, the 
decreased cytochrome P-450 content and activity 
seen in liver microsomes from uraemic rats, could 
be corrected by treatment of the rats with 
6-aminolaevulinic acid. 

Two studies have shown that the non-renal 
clearance of metoclopramide, given i.v., is decreased 
in patients with renal impairment [11, 53]. The 
authors suggested that this could be caused by an 
alteration in entero—hepatic circulation or a decrease 
in renal metabolism; however, inhibition of hepatic 
metabolizing enzymes by uraemic plasma could not 
be excluded. 

The plasma clearance of nicardipine, given i.v., is 
significantly reduced in patients with renal im- 
pairment, but restored towards normal in patients 
with end-stage renal failure undergoing haemo- 
dialysis [1]. Less than 1% of a dose of nicardipine is 
excreted unchanged in the urine, so the decrease in 
plasma clearance reflects a decrease in metabolic 
clearance. No significant differences in the measured 
indices of hepatic function were found to explain the 
decrease in metabolic clearance in the patients with 
renal impairment, and accumulation of a dialysable 
inhibitor of metabolism was suggested as a possible 
mechanism. Unfortunately, plasma concentrations 
of nicardipine metabolites were not measured in this 
study, so product inhibition by accumulation of 
metabolites cannot be excluded as a cause for the 
decrease in hepatic clearance. 

Studies with nitrendipine, another calcium chan- 
nel blocker, have shown conflicting results in patients 
with renal failure. One study [5] found that after 7 
days of oral treatment with nitrendipine, the total 
clearance was less in patients with renal failure than 
in control patients. As nitrendipine is eliminated 
almost entirely by hepatic metabolism, it was 
suggested that the decrease in total clearance re- 
flected a reduction in hepatic extraction. However, 
intestinal absorption was not measured in this study, 
so the results must be interpreted with caution. Two 
similar studies [6, 20] failed to show any changes in 
the pharmacokinetic parameters of nitrendipine 
given orally or i.v. to patients with renal failure. 

The pharmacokinetics of a single bolus dose of 
verapamil given orally or i.v. were studied in normal 
volunteers and patients with advanced renal failure 
[74]. The mean non-renal clearance was decreased in 
patients with renal failure whether the drug was 
given i.v. or orally. However, two other studies [62, 
85] did not show any significant changes in the 
pharmacokinetics of verapamil when it was given 
orally or i.v. to patients with diminished renal 
function. Patients in these two studies were receiving 
regular haemodialysis, whereas it was not stated if 
this was the case in the first study. Such a difference 
could explain the discrepancy in the findings. 

The AUC of nimodipine given orally increased in 
patients with impaired renal function [48]. In this 
study, intestinal absorption was not affected by renal 
failure, so the increase in AUC may represent a 
decrease in clearance, which for nimodipine com- 
prises mainly metabolic clearance. However, the 
patients with renal insufficiency were significantly 
older than the volunteers, and the difference in age 


rather than renal function may have been responsible 
for the pharmacokinetic changes. Furthermore, a 
control group was not included in this study; instead, 
the findings in patients with renal impairment were 
compared with pre-existing data on the pharmaco- 
kinetics of nimodipine in volunteers. 

When erythromycin was given orally, the maxi- 
mum serum concentrations and AUC were found to 
be greater in patients with renal failure than in 
healthy control subjects [47]. There was no dif- 
ference in elimination half-life between the two 
groups. As the volume of distribution of erythro- 
mycin is known to increase in renal failure, the 
increased plasma concentrations were thought to 
represent an increase in bioavailability. This could 
have been caused by either an increase in the extent 
of intestinal absorption, or a decrease in first pass 
effect. The former is unlikely, as the time taken to 
reach the maximum plasma concentration (tCmax) 
was the same in both groups. Thus decreased first 
pass metabolism would seem to be the most likely 
explanation for the pharmacokinetic changes. This 
may have been caused by a decrease in hepatic 
metabolism; however, erythromycin is also metabol- 
ized in the gut wall, so a decrease in intestinal 
metabolism cannot be excluded. The increased 
bioavailability shown in this study is important 
clinically, as increased plasma concentrations of 
erythromycin are associated with ototoxicity. The 
dose of erythromycin should therefore be decreased 
in uraemic patients. 

The bioavailability of oral propranolol, a drug 
which undergoes significant first pass metabolism, is 
greater in patients with chronic renal failure not 
receiving haemodialysis than in patients receiving 
haemodialysis or in healthy volunteers [15]. No 
differences in volume of distribution, elimination 
half-life, protein binding or absorption were seen 
between the patient groups, so the increase in 
bioavailability may be assumed to reflect a decrease 
in hepatic clearance. Propranolol was not extracted 
by dialysis, but the difference in bioavailability 
between the dialysed and non-dialysed groups may 
be explained by the presence of a dialysable factor in 
uraemic plasma that inhibits hepatic metabolism. 
However, another study has shown that the bio- 
availability of oral propranolol is increased in 
uraemic patients receiving regular haemodialysis 
[56]. This study showed that the intestinal ab- 
sorption of propranolol was not altered by renal 
insufficiency, and concluded that the increase in 
bioavailability was caused by a decrease in hepatic 
metabolism. In another study [78] on the pharmaco- 
kinetics of “C-labelled propranolol, given both 
orally and i.v., no delay in the conversion of 
propranolol to its 4-hydroxy or conjugate metabo- 
lites was seen in patients with renal failure (not 
receiving haemodialysis) compared with control 
subjects. The creatinine clearances of the patients in 
this study were greater (2-62 ml min“) than those in 
the two previous studies (0-10 ml min“), and this 
may explain the different findings in this study. 
Studies on the pharmacokinetics of oxprenolol [30] 
and bufuralol [8] given orally to patients with renal 
failure, have shown that presystemic elimination is 
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decreased in uraemia. In both studies, elimination 
half-life was unchanged, and this was attributed to a 
concomitant decrease in volume of distribution. 

No changes in cytochrome P-450. The hepatic 
metabolism of some drugs appears to be unaffected 
by renal impairment (table II). For example, the 
total clearance of oral and i.v. metoprolol in patients 
with varying degrees of renal impairment is the same 
as that in healthy subjects [46]. Metoprolol is 
eliminated primarily by hepatic biotransformation, 
and less than 5% of a dose given orally is excreted 
unchanged by the kidneys. As the renal clearance is 
so small, it can be assumed that the hepatic clearance 
of metoprolol was unaffected by renal failure. 

Two studies [26, 79] have shown that the total 
clearance of i.v. lignocaine is unaffected by renal 
dysfunction. In both these studies, the uraemic 
patients were receiving chronic haemodialysis. It is 
possible that haemodialysis may correct abnormali- 
ties of drug metabolism, by removing specific plasma 
inducers or inhibitors of cytochrome P-450 enzymes. 
It would be useful, therefore, to know the effect of 
renal failure on the disposition of lignocaine in 
patients not receiving haemodialysis. 

Work on patients receiving regular haemodialysis 
has shown that the metabolism of codeine, given 
orally or i.v., is unaffected by renal failure [41]. The 
metabolism of theophylline, given by continuous i.v. 
infusion, has also been shown to be normal in 
patients with renal failure, maintained on haemo- 
dialysis [12]. In this study all the patients had 
chronic airways disease and were smokers, both of 
which are known to affect hepatic drug metabolism. 
Although these factors were present in the control 
group, there were so many variables that interpret- 
ation of the results is difficult. 

Nortriptyline is metabolized extensively by hep- 
atic demethylation and hydroxylation, followed by 
conjugation. In patients with renal failure, total 
clearance after a single oral dose was similar to that 
in a group of healthy controls, and no correlation was 
seen between total clearance and glomerular filtration 
rate [29]. This suggests that the metabolism of 
nortriptyline is unaffected by renal failure, although 
the effects of renal failure on protein binding were 
not assessed. This study included both patients 
receiving haemodialysis and those who were not. 

Isradipine is a new calcium channel blocker that 
undergoes extensive hepatic metabolism. No dif- 
ferences in clearance were seen when isradipine was 
given orally to patients with and without renal 
failure, suggesting that hepatic biotransformation is 
unaffected by renal dysfunction [23]. However, there 
was considerable intersubject variability in this 
study, so the results must be interpreted with 
caution. 

Nisoldipine is another second generation dihydro- 
pyridine calcium channel blocker that is eliminated 
mainly by hepatic metabolism. The oral clearance of 
nisoldipine in patients with impaired renal function, 
not receiving haemodialysis, is the same as that in 
control subjects, indicating that metabolic clearance 
is unchanged by renal impairment [42]. 

Work on propafenone [21], a new class I anti- 
arrhythmic agent eliminated primarily by hepatic 
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metabolism, has shown that its metabolism is 
unaffected by renal failure. 


CONCLUSIONS 


Hepatic drug metabolism may be increased, de- 
creased or remain unchanged in patients with renal 
failure. The exact mechanisms of these changes are 
unknown, and the effect of renal impairment on the 
metabolism of a particular drug cannot be predicted 
from theoretical considerations. For example, nifedi- 
pine, nitrendipine and nisoldipine are all apparently 
metabolized in vivo by the same isoenzyme, cyto- 
chrome P-450 3A4, yet renal failure increases the 
metabolism of nifedipine [19], decreases that of 
nitrendipine [6] and has no effect on the metabolism 
of nisoldipine [42]. In the light of the present state of 
knowledge, it is important to consider the possibility 
of altered hepatic clearance when prescribing drugs 
for patients with renal impairment. If the metabolism 
of a drug is known to increase in renal failure, then 
the dose may have to be increased in order to achieve 
the therapeutic effect. Conversely, if the metabolism 
of a drug decreases in renal failure, then a reduction 
in dose will be necessary to avoid unwanted effects. 
If the effect of renal failure on the metabolism of a 
drug is unknown, then particular care should be 
taken with drugs that are extensively metabolized in 
the liver and have a narrow therapeutic index. 
Unfortunately, measuring the plasma concentration 
of a drug is only helpful for a small number of drugs 
such as anticonvulsants, antiarrhythmics and cer- 
tain antibiotics. This is because, for many drugs, 
the plasma concentration does not correlate with the 
concentration of drug at the receptor [16] or the 
therapeutic effect [18]. The dose of any drug that 
undergoes significant hepatic metabolism should 
therefore be titrated carefully against the clinical 
effect when given to a patient with impaired renal 
function. 

Future studies of drug metabolism in renal failure 
should exclude, as causes of altered hepatic clearance, 
changes in other pharmacokinetic variables, for 
example, alterations in protein binding of drugs 
which are highly protein-bound and changes in 
hepatic blood flow of drugs with a high extraction 
ratio. The plasma concentration of metabolites 
should always be measured to eliminate the effects of 
metabolite accumulation on hepatic clearance, and 
the possibility of extrahepatic metabolism should be 
considered. Future studies should also ensure that 
the control and study groups are well matched for 
age, smoking habit and alcohol intake, so that the 
effects of these factors on hepatic clearance is 
minimized. 

Further research is needed to elucidate fully the 
mechanisms responsible for the changes in hepatic 
drug metabolism, observed in renal failure. The 
possibility that different mechanisms operate for 
different cytochrome P-450 isoenzymes should be 
investigated. 
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SHORT COMMUNICATIONS 


EFFECTS OF DIFFERENT DOSES OF THIOPENTONE ON THE 
INCREASE IN SERUM MYOGLOBIN INDUCED BY 
SUXAMETHONIUM IN CHILDRENT 


I. NOGUCHI, G. SUZUKI AND Y. AMEMIYA 


SUMMARY 


We have studied the effects of different doses of 
thiopentone on the increase in serum myoglobin 
after administration of suxamethonium during in- 
halation induction of anaesthesia in children. Forty- 
three children were anaesthetized with halothane 
and nitrous oxide in oxygen and allocated to four 
groups: group S received suxamethonium 1 mg 
kg? to facilitate intubation; group ST2 received 
thiopentone 2 mg kg! and group ST4 received 
thiopentone 4 mg kg, before administration of 
suxamethonium 1 mg kg™'; group N did not receive 
thiopentone or suxamethonium. Serum myoglobin 
and creatine kinase (CK) concentrations were 
measured until 60 min after the injection of suxa- 
methonium. Both myoglobin and CK concentra- 
tions increased in the three groups receiving 
suxamethonium. There were no significant dif- 
ferences between groups S and ST2, but the 
myoglobin concentration was less in group ST4 
than in groups S and ST2. A significant difference 
in CK concentration was found only between 
groups ST2 and ST4 at 60 min. In group N, both 
values remained reasonably constant. Thiopentone 
4mg kg’, but not 2 mg kg, attenuated the in- 
crease. The results indicate that to prevent a marked 
elevation in serum myoglobin after administration 
of suxamethonium, thiopentone 4 mg kg~' should 
be administered. (Br. J. Anaesth. 1993; 71: 
291-293) 


KEY WORDS 


Anaesthetics, intravenous: thiopentone. Complications: myo- 
globin. 


I.v administration of suxamethonium to children 
anaesthetized with halothane is associated with 
increases in serum concentrations of myoglobin [1-4] 
and creatine kinase (CK) [2, 3]. Although the 
inhibitory effects of thiobarbiturates on the release of 
myoglobin and CK have been reported previously 
[5], the effects of different doses of thiopentone 
administered during inhalation induction of anaes- 
thesia have not been described clearly. 

We have studied the effects of different doses of 
thiopentone on changes in serum myoglobin and CK 
until 60 min after administration of suxamethonium 
to children anaesthetized with halothane and nitrous 
oxide. 


METHODS AND RESULTS 


We studied 43 children of both sexes, aged from 2 yr 
11 months to 13 yr 10 months, ASA I, undergoing 
minor elective urological, orthopaedic or oral surgery 
under general anaesthesia. All parents had been 
informed of the nature of the study and informed 
consent was obtained. 

All children received diazepam 0.5-0.7 mg kg" 
(maximum dose 10 mg) and atropine 0.02 mg kg 
(maximum dose 1.0 mg) orally 1-2h before in- 
duction of anaesthesia. Inhalation induction was 
performed with halothane and nitrous oxide in 
oxygen via a face mask. After loss of consciousness, 
the children were allocated randomly to four groups. 
The first group received suxamethonium 1 mg kg! 
to facilitate tracheal intubation (group S; n = 12). 
The second group (ST2; n= 10) received thio- 
pentone 2 mg kg“! and the third group (ST4; n = 
10) received thiopentone 4 mg kg™!, before admin- 
istration of suxamethonium 1 mg kg™!. In the fourth 
group, tracheal intubation was performed without 
either thiopentone or suxamethonium (group N; n = 
11). Anaesthesia was maintained with halothane and 
nitrous oxide in oxygen via a Jackson Rees system. 
Lactated Ringer’s solution was infused at 10-15 ml 
Kkg-'h™ and blood samples were obtained before 
and at 5, 20 and 60 min after injection of suxa- 
methonium in groups S, ST2 and ST4, and at the 
same times in group N. The values obtained before 
the injection of suxamethonium were taken as 
baseline. 

Blood samples were allowed to stand and coagulate 
for 20-30 min. After centrifugation, all specimens 
were kept frozen at —20 °C until required for assay. 
Myoglobin concentrations were determined in non- 
haemolysed sera using a radioimmunoassay (Daiichi 
Radioisotope, Tokyo, Japan). The range of detection 
was myoglobin 0.3—200 ng ml-!. When the value was 
> 200 ng mi~, the serum was diluted 2-, 5- or 10- 
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(mean (SD), median [range]). Significant differences: vs bassline *P < 0.05, **P < 0.01, ***P < 0.001; vs 


and creatine kinase (CK) concentrations tn the four groups 


TABLE I. Changes tn myoglobin 


; vs group ST2 TP < 0.05; vs group S £P < 0.05 


group N §P < 0.05, §§P < 0.01, §§§P < 0.001 


CK concentration (iu litre?) 


Myoglobin concentration (ng ml“) 
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fold. CK concentrations were measured by the 
modifed Rosalki method (Yatoron, Tokyo, Japan). 

Statistical analyses were performed using Kruskal- 
Wallis and Wilcoxon U test for myoglobin and CK 
concentrations, and chi-square and Student’s ¢ test 
as appropriate. The results were considered signifi- 
cant when P < 0.05. All data are presented as mean 
(SD). 

‘The four groups were comparable in age, weight 
and operations performed. The concentrations of 
halothane administered during induction and main- 
tenance were also comparable. 

Changes in myoglobin and CK are shown in table 
I. Baseline concentrations were normal in all four 
groups and increased in the three groups receiving 
suxamethonium. Among those three groups, there 
were no significant differences between groups S and 
ST2, the myoglobin concentration was less in group 
ST4 than in groups S and ST2, and a significant 
difference in CK concentration occurred only be- 
tween groups ST2 and ST4 at 60 min. 


COMMENT 


In 1971 Ryan, Kagen and Hyman reported a greater 
incidence of myoglobinaemia in children than in 
adults, after suxamethonium. However, the study 
used various induction techniques. Tammisto, Leik- 
konen and Airaksinen [5] found that the increases in 
myoglobin and CK concentrations were less in those 
receiving barbiturates, in both children and adults. 

Reduced increases in serum myoglobin and CK 
concentrations by barbiturates have been reported in 
adults [6]: thiamylal 1.5-2.0 mg kg“! administered 
after induction of anaesthesia with halothane reduced 
the increase in myoglobin and CK concentrations to 
10-35%, of control. In contrast, a dose of thio- 
pentone 2 mg kg"! was found to be ineffective in the 
present study. The reasons for this difference could 
be attributed to age differences in the responsiveness 
to barbiturates. In addition, the timing of admin- 
istration, or pharmacological differences between 
thiopentone and thiamylal should be considered. 

In contrast, Sekino and colleagues [7] admin- 
istered thiopentone 5 mg kg™ for i.v. induction of 
anaesthesia in children, and found that the con- 
centration of myoglobin was reduced to about 22% 
of that without thiopentone. However, they con- 
cluded that the dose was ineffective, as a statistically 
significant difference was not found. 

Manani and colleagues [8] reported that thio- 
pentone reduced the incidence of myalgia and 
fasciculation induced by suxamethonium. It has 
been reported previously that a correlation does not 
necessarily exist between the intensity of muscle 
fasciculation and the degree of muscle damage as 
indicated by the serum concentrations of myoglobin 
and CK [2, 3]. This suggests that the increases are 
not necessarily attributable to muscle cell damage by 
fasciculation, but rather to accelerated permeability 
of the muscle cell by depolarization. ‘The mechanism 
that reduces the rate of increase by barbiturates has 
not been delineated clearly and requires further 
investigation. It is possible that the mechanism 
might involve a cell membrane stabilizing effect, 
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although an effect on neuromuscular transmission 
also may play a role. 
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I.V. CLONIDINE FOR POST-EXTRADURAL SHIVERING IN 
PARTURIENTS: A PRELIMINARY STUDY 


G. CAPOGNA AND D. CELLENO 


SUMMARY 


We have studied the efficacy of i.v. clonidine to 
suppress post-extradural shivering in parturients. 
Forty healthy parturients who received extradural 
block for labour (n = 20) or for Caesarean section 
(n = 20) and who required treatment for shivering 
after delivery were allocated randomly to two 
groups. Group | received i.v. clonidine 30 ug diluted 
in saline to a total volume of 5 ml (therapeutic 
solution). This bolus was repeated every 5 min if 
the initial therapy produced no improvement, up to 
a maximum dose of 90 ug. Group II received saline 
5 ml (placebo solution), repeated every 5 min if the 
initial bolus produced no improvement, up to a 
maximum of three boluses. After 15 min of obser- 
vation, patients in group | received the placebo 
solution and those in group ÍI received the study 
solution. All patients who received clonidine im- 
proved, and 75% ceased to shiver within 5 min after 
only one dose of clonidine 30 ug. In contrast, none 
of the patients treated with saline improved. When 
patients in the placebo group received clonidine, 
improvement occurred. Arterial pressure, heart rate, 
core and peripheral temperature and oxygen Sat- 
uration did not differ significantly between and 
within the groups before and after administration of 
clonidine. We conclude that a small dose of i.v. 
clonidine may be useful to suppress post- extradural 
shivering in parturients. (Br. J. Anaesth. 1993; 71: 
294-295) 


KEY WORDS 


Anaesthesia: obstetric. Anaesthetic techniques: extradural. 
Complications: shivering. Pharmacology: clonidine. 


The incidence of post-extradural shivering varies 
widely, but is a well recognized problem. Many 
treatments have been suggested for this condition 
and it has been shown that i.v. clonidine effectively 
suppresses postoperative shivering after general [1] 
and extradural [2] anaesthesia in non-pregnant 
patients. 

This randomized, double-blind, cross-over study 
was undertaken to investigate if i.v. clonidine 
suppresses post-extradural shivering in parturients. 


METHODS AND RESULTS 


After Ethics Committee approval, informed consent 
was obtained from healthy parturients who received 
extradural block for labour or Caesarean section. 


Only patients who required therapy for post- 
extradural shivering after delivery were included in 
the study. All the patients had shivering accom- 
panied by subjective sensations of cold and dis- 
comfort. 

Patients who delivered spontaneously (n = 20) 
received extradural analgesia with 0.125% bupiva- 
caine and 1:800000 adrenaline. Those who delivered 
by Caesarean section (n = 20) received extradural 
anaesthesia with an alkalinized solution of 2% 
lignocaine with 1:200000 adrenaline. In all patients, 
extradural block was well established and hypo- 
tension, if it occurred, was controlled with an i.v. 
infusion of ephedrine. 

Local anaesthetic solutions and 1.v. fluids were 
stored and administered at room temperature; the 
ambient temperature was 20.3 °C. 

Patients were allocated randomly to two treatment 
groups. Group I received i.v. clonidine 30 pg diluted 
in saline to a total volume of 5ml (therapeutic 
solution). This bolus was repeated every 5 min if the 
initial therapy produced no improvement, up to a 
maximum dose of 90 ug. Group II received saline 
5 ml (placebo solution), repeated every 5 min if the 
initial bolus produced no improvement, up to a 
maximum of three boluses. After 15 min of ob- 
servation, patients in group I received the placebo 
solution and patients in group II received the study 
solution. 

Only complete inhibition of shivering was con- 
sidered to be an adequate response to the therapy. 

Both the patients and the anaesthetist who gave 
the i.v. solutions and evaluated the patient’s response 
were unaware of the contents of the syringe. 

Heart rate (HR) and pulse oximetry were dis- 
played continuously and arterial pressure (AP) was 
recorded every 2 min using an automatic device 
(Cardiocap II, Datex, UK) for 30 min and at 5-min 
intervals for additional 30 min after completion of 
the study. Tympanic membrane (core) and oral 
temperatures were measured with thermocouples 
having a rapid response and an accuracy range of 
+0.1 °C (Mon-A-Therm, Inc., St Louis, MO). 

Hypotension was defined as a 20% reduction in 
arterial pressure in relation to baseline or a systolic 
pressure less than 100 mm Hg. 

Chi-square analysis was performed for frequency 
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Fic. 1. Number of patients with shivering before (time 0) and after the administration of the study solutions. Patients 

received i.v. clonidine 30 ug or saline. If after this initial bolus shivering was not suppressed, the therapy (clonidine 

or saline) was repeated every 5 min to a maximum of three boluses. After 15 min, patients who received clonidine were 

given saline and vice versa with the same procedure. Group I = Clonidine/saline (J = Caesarean section; O = 
vaginal delivery). Group II = Saline/clonidine (§ = Caesarean section; 2] = vaginal delivery). 


data and Student’s paired and unpaired sample t 
tests were used for normally distributed variables. 
P < 0.05 was considered statistically significant. 

All the patients were normotensive and com- 
plained of shivering and discomfort requiring ther- 
apy before administration of the study solutions. 

The administration of clonidine inhibited shiver- 
ing after 15 min in all patients, and in 75% of them, 
shivering ceased within 5 min after only one dose of 
clonidine 30 ug. In contrast, none of the patients 
treated with saline improved. When patients in the 
placebo group received clonidine there was an 
improvement (fig. 1). 

In the group of patients who received saline before 
clonidine, there was a non-significant trend towards 
a greater total dose of clonidine necessary to suppress 
shivering. 

There were no significant changes in AP, HR, core 
and peripheral temperature and oxygen saturation 
during the study between and within the groups 
before and after administration of clonidine. None of 
the patients receiving a single bolus of clonidine 
30 ug had hypotension. One patient who received a 
total dose of clonidine 90 pg had moderate hy- 
potension which responded to 1.v. fluids. This 
patient belonged to the Caesarean section group and 
had, at the time of hypotension, a sensory level of 
analgesia above T2. 


COMMENT 


Clonidine is an alpha,-adrenoceptor agonist used as 
an antihypertensive drug. It possesses potent spinal 
and central antinociceptive properties. Clonidine has 
many effects on the central nervous system, including 
a reduction in body temperature. 

Other workers observed a reduction in the number 
of episodes of postoperative shivering after con- 
tinuous infusion of clonidine 7 pg kg“ over 120 min 
in patients undergoing aortic surgery [3]. The 
intraoperative administration of a continuous in- 
fusion of clonidine 5ugkg 4 over 3h reduced 
oxygen uptake and the intensity of mean muscular 
tremor after major abdominal surgery [4]. A single 


bolus of clonidine 150 ug i.v. inhibits postoperative 
shivering after general or extradural anaesthesia in 
90-95 % of patients [1, 2]. Unfortunately, the admin- 
istration of such a large dose may be associated with 
a significant decrease in mean arterial pressure [1, 2]. 

In our study, in the majority of patients we gave 
only 30 ug of clonidine and this dose was sufficient to 
suppress shivering without any haemodynamic 
change. The mechanism of action of such a rapid 
suppression of shivering after i.v. administration of a 
small dose of clonidine is not known. 

Experimentally, hypothalamic thermoregulatory 
effects have been demonstrated for noradrenergic 
agonists such as clonidine [5]. Clonidine may exert 
an inhibitory action on the hypothalamus by de- 
creasing noradrenaline synaptic release through 
alpha, receptors located at presynaptic axon ter- 
minals [6]. 

Our preliminary findings suggest that low-dose 
i.v. clonidine may be useful in abolishing severe 
post-extradural shivering in parturients. Larger 
studies are needed to evaluate the benefits of this 
method. 
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CASE REPORTS 


DELAYED SURGICAL EMPHYSEMA, PNEUMOMEDIASTINUM 
AND BILATERAL PNEUMOTHORACES AFTER POSTOPERATIVE 


VOMITING 


W. G. M. BREMNER AND C. M. KUMAR 


SUMMARY 


We describe a case of surgical emphysema, 
pneumomediastinum and bilateral pneumothoraces 
which occurred some hours after general anaes- 
thesia for a repeat laparoscopy and followed 
persistent nausea and vomiting. We report the case 
because of the unexpected and delayed appear- 
ance, which led to delay in diagnosis and man- 
agement. We suggest that this intrathoracic air leak 
was a consequence of postoperative vomiting rather 
than a complication of laparoscopy. (Br. J. Anaesth. 
1993; 71: 296-297) 


KEY WORDS 


Complications: nausea, vomiting, surgical emphysema, pneumo- 
mediastinum. 


Although surgical emphysema, pneumomediastinum 
and pneumothorax are well recognized complications 
of laparoscopic procedures, they usually become 
manifest during or immediately after operation [1—4]. 
The delayed development of these complications 
has not been described after general anaesthesia 
associated with postoperative vomiting. 


CASE REPORT 


A 37-yr-old woman under investigation for pelvic 
pain presented for a third laparoscopy in 4 years. She 
had undergone two previous laparoscopies which 
were uneventful except for postoperative nausea and 
vomiting. She weighed 55 kg, did not smoke and was 
otherwise healthy. 

She was premedicated with temazepam 20 mg and 
metoclopramide 10 mg orally 1 h before operation. 
An induction sequence of fentanyl 75 ug, propofol 
150 mg and atracurium 20mg was followed by 
atraumatic tracheal intubation with a cuffed, 8-mm 
oral tube. Breath sounds were auscultated and 
ventilation (Manley Pulmovent MPP) to normo- 
capnia achieved with a fresh gas flow of 7 litre min“. 
‘Tidal volume was 600 ml and peak airway pressure 
18cm H,O. Anaesthesia was maintained with 1% 
enflurane and 66% nitrous oxide in oxygen. Moni- 
toring included electrocardiography, automated 
arterial pressure (Dinamap), pulse oximetry, 
capnogaphy (Normocap, Datex), airway pressure, 
expired tidal volume (Wright Respirometer) and a 
nerve stimulator (Bard). 


A pneumoperitoneum was formed with ease by the 
insufflation of carbon dioxide 3litre and the 
insufHator pressure alarm was set at 15mm Hg. 
After 20 min of laparoscopy (no intervention), the 
pneumoperitoneum was released and residual neuro- 
muscular block antagonized with neostigmine 2.5 mg 
and glycopyrronium 0.5mg. There were no 
problems associated with artificial ventilation during 
the procedure. The patient’s trachea was extubated 
uneventfully after return of spontaneous ventilation. 
She was transferred to the recovery room, 
administered oxygen 4 litre min` (Hudson mask) 
and routine clinical observations were satisfactory 
(heart rate, arterial pressure, oxygen saturation and 
ventilatory frequency). Morphine 15 mg and meto- 
clopramide 10mg were administered i.m. for 
abdominal pain in the recovery area. The patient 
complained of nausea and vomited several times. 

Three hours after transfer to the ward, the patient 
complained of central chest pain, tightness across her 
chest and mild dyspnoea. Surgical emphysema 
restricted to her face and neck developed. An urgent 
chest radiograph revealed subdiaphragmatic gas and 
subcutaneous emphysema, but no pneumothorax. 
Conservative management involved reassurance, an- 
algesia and antiemetic and oxygen therapy. There 
was no further vomiting. The chest discomfort and 
tightness continued overnight. A chest radiograph 
on the first day after operation revealed mediastinal 
emphysema and bilateral pneumothoraces, in ad- 
dition to the pneumoperitoneum and subcutaneous 
emphysema. The larger pneumothorax was less than 
25 % of the lung field. Chest drains were not inserted. 
After 4 days of observation during which the 
subcutaneous emphysema and pneumothoraces re- 
solved slowly, the patient was discharged home. At 
review 1 month later she was well with a normal 
chest radiograph and normal Jung functions tests. 


DISCUSSION 


Several mechanisms associated with laparoscopy 
may result in the abnormal presence of gas in the 
subcutaneous tissue, mediastinum and pleural cav- 
ity. Local subcutaneous emphysema may arise if 
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carbon dioxide is insufflated too superficially because 
of incorrect positioning of the Verres needle [3]. One 


‘case of subcutaneous emphysema of the anterior 


chest wall has been attributed to inaccuracy of the 
intra-abdominal pressure gauge on the carbon di- 
oxide insufHator machine resulting in an un- 
intentionally high intra-abdominal pressure [2]. 
Pneumomediastinum may be produced by cephalad 
dissection and tracking of gas insufflated either 
preperitoneally or retroperitoneally through an un- 
intentional peritoneal tear [3]. Mediastinal gas may 
then rupture through the mediastinal pleura to cause 
a pneumothorax. Pneumothoraces may result also 
from the transdiaphragmatic passage of insufflating 
gas through an acquired or congenital pleuro- 
peritoneal defect [5-7]. However, it is anticipated 
that the problems caused by the passage of insufflated 
gas (carbon dioxide) during operation into the 
extraperitoneal area are transient because of the 
relatively great solubility, of carbon dioxide [3, 
8]. 

Although mediastinal emphysema may be spon- 
taneous in the absence of underlying disease, it 
occurs most frequently in one of several situations 
which have in common an increase in alveolar 
pressure such as sneezing, straining, the Valsalva 
manoeuvre and protracted vomiting [9]. Other 
possible causes of this patient’s pathology not related 
to gas insufflation include trauma, penetrating injury 
or damage during instrumentation to the pharynx, 
larynx, trachea and oesophagus [9,10] and pul- 
monary barotrauma [11]. However, intubation was 
atraumatic, airway pressure not excessive and the 
patient did not develop the serious clinical sequelae 
of an oesophageal tear. 

The most common cause of mediastinal emphy- 
sema is alveolar rupture [9], but for this to occur, the 
pressure within the alveolus has to exceed that in the 
surrounding tissue and air from the ruptured alveoli 
then tracks along the bronchovascular sheaths to the 
lung hila and mediastinum, whence it may spread 
along fascial planes to cause subcutaneous emphy- 
sema in the face, neck, chest or abdomen [9]. 
However, if the rate of escape of air from media- 
stinum is insufficient, the mediastinal pleura may 
rupture to cause pneumothorax [12,13]. In our 
patient, we believe that there was an excessive 
increase in alveolar pressure after vomiting, leading 
to alveolar rupture, and that the gas took the line of 
least resistance along the fascia surrounding the 
bronchovascular tree to reach the mediastinum [14, 
15]. It seems likely that the offending gas was 
oxygen-enriched air, so that subcutaneous emphy- 
sema, mediastinal emphysema and pneumothoraces 
were slow to develop and resolve because of 
equilibration of gases with blood [16]. However, we 


did not obtain any samples which might have 
revealed a reduced carbon dioxide tension. 

We conclude that subcutaneous emphysema, 
mediastinal emphysema and pneumothorax may 
develop after postoperative vomiting. ‘There may be 
no obvious associated factor and the complete picture 
may not develop in the immediate postoperative 
period. A case of delayed subcutaneous emphysema 
after operation should be investigated intensively 
and the surgical procedure, such as laparoscopy, 
should not always be assumed to be the cause. 
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PULMONARY EMBOLUS AND PATENT FORAMEN OVALE: 
A RARE CAUSE OF REFRACTORY HYPOXAEMIA 


C. BRYDON, W. J. FAWCETT, T. TREASURE AND J. T. CLARKE 


SUMMARY 


A patient with a large pulmonary embolus its 
described. The striking features were those of 
cardiovascular stability with hypoxaemia and hy- 
percapnia. Cardiac catheterization confirmed the 
pulmonary embolus; in addition there was found to 
be a patent foramen ovale (PFO), causing a large 
right-to-left shunt. Removal of the pulmonary 
embolus and closure of the PFO dramatically 
improved alveolar—arterial oxygen gradient and 
ventilatory requirements. (Br. J. Anaesth. 1993; 
71: 298-300) 


KEY WORDS 


Oxygen: hypoxaemia. Heart: patent foramen ovale. Complica- 
tions: pulmonary embolism. 


CASE REPORT 


A 64-yr-old man collapsed in the street, and was 
asystolic on arrival at the local Accident and 
Emergency Department. Protracted attempts at 
resuscitation resulted in the restoration of sinus 
rhythm, and an arterial pressure of 130/80 mm Hg. 
He remained hypoxaemic, with a Pao, 7—10 kPa, 
with the trachea intubated and the lungs ventilated 
with 100 % oxygen. The previous day he had visited 
his General Practitioner complaining of unilateral 
calf pain; in view of this history, a pulmonary 
embolus was suspected, and administration of 
streptokinase 1.5 mu was commenced. He was trans- 
ferred to the regional cardiothoracic centre for 
further investigation and management. 

On arrival, the patient was deeply unconscious. 
Physical examination revealed bilateral air entry to 
both lung fields. Arterial pressure was 140/80 mm 
Hg, heart rate 120 beat min™ and right atrial 
pressure (RAP) 4mm Hg. There were no murmurs 
detectable on auscultation. The only other abnor- 
mality was a swollen right calf. Chest x-ray was 
unremarkable and the ECG showed sinus rhythm 
with no signs of right heart strain. He had been 
oliguric for several hours. 

The absence of hypotension with normal RAP, 
together with no ECG evidence of right heart strain 
conflicted with the diagnosis of pulmonary embolism 
and yet the patient remained both hypoxaemic and 
hypercapnic. Arterial blood-gas analysis revealed 
Pap, 9.1 KPA, and Paco, of 8.3 kPa during ventilation 
with 100% oxygen and 5 cm H,O of positive end- 


expiratory pressure (PEEP) with a minute volume of 
17 litre. After discussion with the admitting cardi- 
ologist and cardiac surgeon, it was decided to clarify 
the situation by cardiac catheterization. The ex- 
planation was immediately evident, as the right atrial 
catheter passed through a patent foramen ovale 
(PFO). Large right and left proximal pulmonary 
emboli were also noted. Left ventricular function 
and coronary arteries were normal. His outlook 
seemed extremely poor without intervention, so he 
was therefore prepared for closure of his PFO, and 
pulmonary embolectomy. 

On arrival in the operating theatre, the patient was 
receiving infusions of atracurium 40 mgh? and 
midazolam 16mgh™+. He was given a bolus of 
fentanyl 1 mg. His lungs were ventilated with 100% 
oxygen, using an Oxylog ventilator with a minute 
volume of 16 litre. Arterial blood-gas tensions before 
cardiopulmonary bypass (CPB) were Pao, 10.7 kPa 
and Pago, 6.56 kPa; pH was 7.26. 

On bypass, the right atrium was opened. It was 
noted by the surgeon that the PFO had an intact, 
valve-like mechanism, preventing passage of blood 
from left to right atrium until the floor of the fossa 
ovalis was deflected. In the presence of increased 
right atrial pressure, this would have permitted a 
large right-to-left shunt. The PFO was sutured, the 
pulmonary artery opened and considerable amounts 
of thrombus removed from each side. 

The myocardial ischaemic time was 5 min and 
CPB was discontinued without difficulty after 
30 min. Within 15 min there was a dramatic im- 
provement in gas exchange. With a minute volume 
of 7 litre and Fig, 1.0, arterial blood-gas tensions 
were Pao, 46.1 kPa and Pago, 5.42 kPa; pH 7.25. 

In spite of improvement in gas exchange, the 
patient developed acute renal failure requiring at 
first continuous and later intermittent haemodialysis. 
In addition, he remained deeply unconscious for 
nearly 2 weeks, suffering several grand mal fits. This 
was attributed to hypoxaemic brain damage at 
cardiac arrest. Thereafter there was slow but un- 
equivocal neurological recovery. 
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Three weeks after admission, he was transferred to 
the regional renal unit and diuresis commenced soon 
after transfer. At 3 months, he returned to an 
outpatient clinic, apparently neurologically intact 
and with near normal renal function (serum concen- 
trations of urea 8.2 mmol litre; creatinine 130 pmol 
litre). 

DISCUSSION 


Pulmonary embolism is not uncommon—the in- 
cidence in the United States is reported as 600000 
per year [1]. In addition, up to 35 % of the population 
may have a probe-patent PFO [2], although only 
5-10 % have a flow-patent PFO [3, 4]. The fact that 
these two conditions coexist is thus unsurprising, 
and when they do there is a greater incidence of 
adverse events and death compared with pulmonary 
embolism alone [5]. There are previous case reports 
of paradoxical emboli occurring as a result of venous 
thromboembolism and intracardiac shunts [4, 6-11]. 
It appears that more than 50% of cardiac defects 
result from PFO, with pulmonary arteriovenous 
malformations and ventricular or atrial septal defects 
accounting for the remainder [11]. 

A large pulmonary embolism causes a dramatic 
increase in afterload to the right ventricle and, if the 
patient survives the acute event, there is persistent 
poor cardiac output and systemic hypotension. In 
this patient, the increase in right heart pressures 
caused blood to flow from right to left through the 
PFO. This permitted adequate left ventricular 
filling, which presumably maintained a near normal 
left ventricular output, but with desaturated arterial 
blood. Following surgery, there was a substantial 
improvement in gas exchange. In contrast with the 
patient reported here, one large study of pulmonary 
embolism with or without PFO found that the mean 
Pao, was only 1 kPa less in the embolism and PFO 
group compared with the embolism group alone [5]. 
This is difficult to explain if a large right-to-left 
shunt is present. 

There are other mechanisms of hypoxaemia in 
pulmonary emboli, although hypoxaemia is by no 
means universal. There may be reflex broncho- 
constriction [12] and pulmonary venous hyperten- 
sion from platelet-derived serotonin, causing pul- 
monary oedema [13-14]. In addition, a reduction in 
cardiac output (with a corresponding reduction in 
mixed venous oxygen saturation) and inadequate 
ventilation of over-perfused lung, venoarterial 
shunting and, later, reperfusion of poorly ventilated 
lung zones may contribute to hypoxaemia [1]. In 
addition to the effects on arterial oxygen saturation, 
there is an increase in deadspace, secondary to 
obliteration of the pulmonary vascular bed. 

Surgery for pulmonary embolism is contentious 
[15]. The large majority of victims of acute massive 
pulmonary embolism die within minutes, or recover 
without major cardiac surgery. Nevertheless, there 
are a few in whom surgery has a place, when 
thrombolysis is ineffective or contraindicated. Gray 
and colleagues have reviewed pulmonary embol- 
ectomy for acute massive pulmonary embolism in 71 
patients over 22 years [16]. All patients were 
haemodynamically severely compromised; 30% of 


them died and, in particular, the death rate was 
much greater in those who had received external 
cardiac massage compared with those who had not 
(64% vs 11%). The morbidity was principally 
neurological, thought to have occurred before sur- 
gery as a result of poor cerebral perfusion before 
operation. Our patient is of interest in that he 
suffered cardiac arrest when out of hospital and 
arrived asystolic (although we do not know for how 
long he was without a cardiac output). Following 
successful resuscitation, any cerebral insult that 
might have been sustained would have been com- 
pounded by both hypoxaemia and hypercapnia 
which continued for 10 h until corrected by surgery. 
Nevertheless, he was eventually left without neuro- 
logical deficit. This emphasizes not only that re- 
suscitation and surgery were fully justified, but that 
the decision to resuscitate should be based on the 
cardiovascular response to treatment, and not on 
neurological assessment made at the time of re- 
suscitation. 

In the majority of patients a PFO is of little 
significance. The valvular nature of the flap prevents 
blood flowing from left to right and, as the normal 
left atrial pressure (LAP) exceeds right atrial press- 
ure (RAP), blood does not flow. In conditions in 
which this interatrial gradient is reversed, which 
may occur with any sudden increase in right 
ventricular afterload, right-to-left shunting may 
occur [3]. Recently, it has been demonstrated by 
transoesophageal echocardiography that intermittent 
positive pressure ventilation in ASA I patients 
caused right-to-left shunting in 9 % of patients when 
10-15 cm H,O of PEEP was applied [4]. Thus right- 
to-left shunting through a PFO should be considered 
in any patient in whom RAP may exceed LAP, and 
who becomes hypoxaemic. In our patient, PEEP was 
used before operation: this may well have contri- 
buted to the magnitude of the right-to-left shunt. 

End-tidal Pco, (PE’go,) measurement would have 
been of interest in this patient, both for monitoring 
and for diagnosis, although the urgency of the 
situation did not permit detailed recordings. PE’co, 
is reduced in acute pulmonary embolism secondary 
to the reduction in pulmonary blood flow, and a large 
arterial~Pk’oo, gradient has been described as a 
sensitive indicator for pulmonary embolism com- 
pared with other causes of ventilation—perfusion 
mismatch [17]. However, in the presence of a 
clinically significant cardiac output, a large arterial— 
PE’co, gradient would have suggested the co-exist- 
ence of a right-to-left shunt. Continued monitoring 
of the gradient could have been used to assess the 
affects of intervention or to detect new emboli and, 
indeed, has been suggested for this purpose [18]. 
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MULTIPLE CORONARY ARTERY DISSECTIONS IN A WOMAN 


AT TERM 


A. P. K. VERKAAIK, W. VISSER, J. W. DECKERS AND F. K. LOTGERING 


SUMMARY 


We report a case of acute myocardial infarction 
caused by multiple coronary artery dissections in a 
pregnant woman at term. When reinfarction elicited 
fetal distress, Caesarean section was performed 
under carefully administered extradural anaesthesia, 
with maternal and fetal survival. (Br. J. Anaesth. 
1993; 71: 301-302) 
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CASE REPORT 


A 35-yr-old gravida 1, 40 weeks pregnant, was 
admitted to the coronary care unit with substernal 
pain radiating to the left arm. There was no family 
history of cardiovascular disease, but the patient was 
overweight (118 kg, 170 cm) and smoked 20 cigar- 
ettes per day. She was pale and dyspnoeic, with an 
arterial pressure of 140/90 mm Hg, a regular heart 
rate of 110 beats min=!, and slight pitting oedema. A 
third heart sound was heard without murmurs; 
breathing was normal. The ECG demonstrated 
transmural anteroseptal myocardial infarction, but 
chest x-ray was normal. Serum concentrations of 
creatinine phosphokinase (CK), CK-MB and a- 
hydroxybutyrate dehydrogenase (a-HBD) were 
increased (CK 1154 u litre ?, CK-MB 101 u litre}, 
a-HBD 459 u litre}. Other laboratory values, 
including lipid profile, were within normal limits; 
there was no proteinuria. The symphysis—fundal 
height was 38 cm; the fetus, in the vertex position, 
had a reactive heart rate pattern; the cervix was 1 cm 
dilated. 

Treatment consisted of continuous i.v. infusion of 
nitroglycerin 30 ug min™™ and heparin 25000 iu/ 
24h. On the third day, the patient experienced 
renewed chest pain, the ECG showed recurrent 
(infero—posterior) infarction and concentrations of 
cardiac enzymes increased further (CK 2300 u litre, 
CK-MB 214 u litre? and -HBD 1112 u litre); the 
haemoglobin concentration decreased from 7.2 to 
6.6 mmol litre, A thermodilution catheter was 
introduced via the right brachial vein. Cardiac 
output and arterial pressures were normal (7.6 lit- 
re min, 120/80 mm Hg, respectively); heart rate, 
pulmonary artery pressures and pulmonary capillary 
wedge pressure were increased (135 beat min“, 


43/32 mm Hg and 28mm Hg, respectively); pul- 
monary and systemic vascular resistances were 
reduced or normal (36 and 898 dyn s cm™, respect- 
ively). Fetal heart rate showed loss of variability, 
and a decision to perform Caesarean section was 
made. The rate of infusion of nitroglycerin was 
increased to 50pugmin™', frusemide 40mg was 
given and the heparin infusion was discontinued. An 
extradural catheter was introduced at the L34 
interspace and 0.25 % bupivacaine 6 ml was injected. 
Anaesthesia was increased slowly with five 3-ml 
aliquots of 0.5 % bupivacaine with fentanyl 5 ug ml 
in 60 min. During this time, fetal heart rate vari- 
ability returned to normal (fig. 1). As the extradural 
block developed, Ringer’s lactate 1000 ml was in- 
fused. Maternal systemic arterial pressure remained 
relatively stable, while pulmonary pressures de- 
creased towards normal values (fig. 2). An uncom- 
plicated Caesarean section was performed when the 
block had reached T4. A healthy 3400-g girl was 
delivered with 1 and 5 min Apgar scores of 9 and 10, 
respectively, and an umbilical artery pH of 7.29. 
After clamping of the cord, oxytocin was infused at 
a rate of 2.5 mgh +. Blood loss during surgery was 
estimated at 600 ml, therefore 2 units of packed cells 
were given. After completion of the procedure, the 
patient received an additional 40 mg of frusemide. 

Coronary angiography the following day showed 
dissections in all three coronary arteries. Echocardio- 
graphy showed a dilated left ventricle with hypo- 
kinetic apical and infero—posterior regions. Despite 
unchanged angiographic findings, 1 month later the 
patient had an exercise performance of 140 W, under 
medication. After 6 months she still requires medi- 
cation: digoxin, enalapril, isosorbide-5-mononitrate, 
acetosalicyclic acid and acenocoumarol; she does not 
smoke and is on a low-salt diet. 


DISCUSSION 


Myocardial infarction in a term pregnant woman is a 
rare event and carries a high mortality. Fifty percent 
of 84 cases reported since 1922 occurred in the third 
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Fic. 1. Fetal heart rate pattern. A: Limited variability of fetal heart rate, suggestive of hypoxaemic distress, after 
maternal myocardial reinfarction. B: Normal variability of the fetal heart rate, suggestive of improvement of 
hypoxaemic distress, after extradural anaesthesia. 
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Fic. 2. Some cardiovascular variables during Caesarean section under extradural anaesthesia in a term pregnant 

woman with myocardial reinfarction. Hypotension at 15 min resulted from increased rate of infusion of nitroglycerin. 

Extradural anaesthesia was performed with small aliquots of bupivacaine and fentanyl to assure haemodynamic 

stability. © = Heart rate; W = systolic arterial pressure, O = diastolic arterial pressure; @ = systolic pulmonary 

arterial pressure, © = diastolic pulmonary artery pressure. | = aliquot of extradural anaesthetic; J = abdominal 
incision; C = abdominal closure. 


trimester, with a mortality of 40%; the mortality in 
the first two trimesters was 20% [1]. Three of four 
reported women with myocardial reinfarction died. 
A diagnosis of dissecting coronary aneurysm was 
made in two pregnant women at postmortem [2]. 
The present patient demonstrated that dissecting 
coronary aneurysm in pregnancy is not invariably 
fatal. 

Our patient was initially managed optimistically to 
avoid the haemodynamic changes associated with 
surgery. When fetal distress demanded Caesarean 
section under the unfavourable condition of re- 
current myocardial infarction, maternal haemo- 
dynamic stability was maintairied throughout the 
carefully performed extradural anaesthesia and 
Caesarean section. The improvement in fetal heart 
rate variability most likely resulted from improved 
uterine blood flow, which is known to occur under 
controlled sympathetic block. The standard pro- 
cedure of preloading with 1-2 litre of crystalloids 
before the development of extradural block could not 
be used because the patient was at the limit of 


decompensation. Instead, by fine tuning of fluid 
balance and intravascular capacity using nitro- 
glycerin, frusemide and the developing sympathetic 
block, while at the same time anticipating the 
autotransfusion from the retracting uterus after 
delivery, haemodynamic stability could be main- 
tained. 

This case report demonstrates that Caesarean 
section under extradural anaesthesia is a safe and 
valuable procedure, even in the unfavourable con- 
dition of acute myocardial reinfarction caused by 
coronary artery dissection. 
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APPARATUS 


FLOW REVERSAL THROUGH A MARK ITI HALOTHANE 


VAPORIZER 


A. S. GREGG, R. S. JONES AND S. L. SNOWDON 


SUMMARY 


A fault in the assembly of a Matrix Large Animal 
Circle anaesthetic machine resulted in reversal of 
fresh gas.flow through the vaporizer. The fault was 
discovered only after the sudden development of 
excessive depth of anaesthesia in two equine 
patients. Laboratory investigations were conducted 
to determine the effect of flow reversal on vaporizer 
output. Results indicated that output concentration 
was approximately doubled under these conditions. 
(Br. J. Anaesth. 1993; 71; 303-304) 


KEY WORDS 
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The effects of intermittent back pressure on vapor- 
izer function have been reported extensively. Hill 
and Lowe found that concentrations delivered by 
susceptible vaporizers during controlled or assisted 
ventilation were considerably greater than when the 
vaporizer was used with free flow [1]. The effect is 
greatest at small gas flows [2]. However, little infor- 
mation has been published on the potential hazards 
of reversing the fresh gas flow rate through the 
vaporizer. Marks and Bullard concluded that flowing 
gases in a reverse direction resulted in approximately 
double the output indicated on the vaporizer dial [3]. 

This paper describes inadvertent reversal of flow 
through a vaporizer used for anaesthesia in two 
equine patients. When the fault had been discovered 
and rectified, the vaporizer was subjected to lab- 
oratory investigation. 


CASE REPORTS 


Two horses required general anaesthesia for or- 
thopaedic surgery, the first for an elective procedure 
and the second for emergency fracture repair. 
Preanaesthetic examination revealed no evidence of 
concurrent disease. 

All anaesthetic equipment was checked by the 
anaesthetist before use and the standard anaesthetic 
practice of this hospital was followed in each case. 
Cardiovascular and ventilatory variables were 
monitored by methods currently accepted in this 
species [4,5] and the vaporizer setting adjusted 
accordingly. Despite this, in each of the animals 
there was a sudden deterioration in cardiovascular 


and respiratory status, and a loss of ocular reflexes 
after being moved to the operating table. The cause 
of this dramatic increase in depth of anaesthesia was 
not apparent at the time. 

Appropriate resuscitative therapy was successful 
in each case. The animal undergoing the elective 
procedure was allowed to recover immediately after 
resuscitation without surgical intervention. Sub- 
sequent investigation revealed that the fresh gas 
flows had been routed inadvertently through the 
vaporizer in the reverse direction. The apparatus 
involved was a new Large Animal Circle (Matrix) 
with a Fluotec Mark III vaporizer which had not 
been used previously. Iwo other large animal 
anaesthetic machines, including a mechanical ven- 
tilator (North American Drager) have been in regular 
use at the hospital for several years. Although the 
incidents occurred 2 weeks apart, this particular 
anaesthetic machine was not used in the intervening 
time. 


Laboratory investigation 

Halothane vapour concentration was measured 
using an on-line organic anaesthetic analyser (Weten- 
schappelijk Technische Instrumentatie B.V. An- 
aesthetic Gas Analyser (W.T.I.)). This system uses a 
specially designed hydrogen flame-ionization de- 
tector (FID) [6]. It is sensitive only to organic 
agents, in this case the anaesthetic used; inorganic 
components, such as oxygen, are not detected. The 
ionization current, measured with an electrometer 
amplifier, is proportional to the amount of organic 
anaesthetic agent that reaches the FID per unit time. 
Step response-time is approximately 0.2 s, and the 
small dimension of the capillary transport tube 
ensures that there is no mixing between successive 
samples. The large dynamic range, excellent stability 
and high sensitivity of this detector are well known 
from gas chromatography applications [7]. 

The unit was first calibrated using a W.T-I. 
Anaesthetic Gas Calibrator, designed specifically for 
this purpose [7, 8]. 

The first part of the investigation involved 
measurement of vaporizer output with the flow in 
the forward direction. The vaporizer (Fluotec Mark 
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TABLE I. Halothane concentrations delivered at various gas flow 
settings during normal and reversed flows 


Delivered concentration 


(%) 
Flow rate Dial setting 
(litre min™?X%) Normal flow Reverse flow 


1 1 0.9 1.25 
2 1.75 2.40 
3 2.9 3.95 
4 4.0 5.05 
5 4.9 6.0 

4 1 1.0 1.6 
2 2.0 3.3 
3 3.2 5.05 
4 4.1 6.1 
5 4.85 8.05 

8 i 0.75 2.1 
2 1.6 4.2 
3 2.6 6.6 
4 3.45 7.6 
5 4.0 8.2 


IIT) was connected in a free-standing manner to a 
standard anaesthetic trolley (British Oxygen Com- 
pany Ltd, BOC). A short length of corrugated 
tubing, which was bent to ensure adequate mixing of 
the vapour, was attached to the vaporizer outlet. The 
capillary transport tube from the W.T.I. analyser 
was placed into this tubing for sampling. The 
position and orientation of the sampling needle 
remained constant throughout the investigation. 
Results were displayed continuously using a chart- 
recorder. 

Using an initial flowmeter setting of 1 litre min“, 
oxygen was delivered through the vaporizer in the 
forward direction. The vaporizer dial setting was 
adjusted in 1 % increments from 1 to 5 % halothane, 
and the output at each setting recorded. 

The procedure was repeated using flowmeter 
settings of 4 litre min™ and then 8 litre min™. Each 
test was performed twice and mean values calculated 
(table I). The analyser was re-calibrated between 
successive tests to prevent drift. 

The second part of the investigation involved 
measurement of vaporizer output with the flow in 
the reverse direction. For this purpose, the inlet and 
outlet pipes were transposed and the procedure 
repeated exactly as before. 

Temperature and pressure remained constant 
(24 °C and 760 mm Hg, respectively). 

As the purpose of this investigation was to 
demonstrate the grossness of the error, only two 
readings were taken at each vaporizer setting and a 
mean value calculated (table I). No attempt was 
made to define a calibration curve for the vaporizer 
under these conditions. 


DISCUSSION 


‘The anaesthetic machine standard requires that the 
inlet of a vaporizer be male and the outlet female, the 
direction of gas flow marked and the inlet and outlet 
parts labelled [9]. 

Whilst all these requirements were met in the 
Large Animal Circle (Matrix) used in both of these 
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anaesthetics, the rubber tubing designed to deliver 
fresh gases from the flowmeters to the vaporizer inlet 
and that leading from the vaporizer outlet to the 
breathing system are of the same appearance and 
diameter. In addition, hose connections had not been 
crimped by the manufacturers. These factors allow 
the possibility of incorrect assembly, with the gas 
flowing through the vaporizer in the reverse di- 
rection. 

The American design of this particular circle 
system, with the vaporizer sited to the left of the 
flowmeters, is such that it may not be immediately 
obvious to the observer that such a mistake has been 
made. The machine was used exactly as it was 
supplied by the manufacturers and the routine 
preoperative equipment check did not reveal that our 
apparatus had been assembled incorrectly. 

It cannot be over-emphasized that anaesthetists 
should be familiar with any piece of equipment 
before they attempt to use it, and that a thorough 
check of all apparatus is made before each use. 
However, we do feel that the design of this particular 
model might be modified in such a way as to make it 
impossible to connect the tubing to the wrong 
male/female connectors in this manner. 

Marks and Bullard also drew attention to the fact 
that connecting a free-standing vaporizer in reverse 
is easily done and easily overlooked [3]. Where 
portable vaporizers are used, special care must be 
taken to ensure that gases flow through them in the 
correct direction because, although inlet and outlet 
sides of the vaporizer are marked, the labelling is not 
conspicuous and the same size of tubing fits each 
side. 
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RELATIVE EFFECTS OF CLONIDINE ON Aô AND C 
REFLEXES AND SPONTANEOUS SYMPATHETIC 
ACTIVITY 


M. G. KNOWLES*, C. WANG”, M. K. CHAKRABARTI 
AND J. G. WHITWAM 

Department of Anaesthetics, Royal Postgraduate Medical School, 
London 


Clonidine, an alpha, adrenoceptor agonist, inhibits nociceptive 
reflexes [1] and causes cardiovascular depression [2]. Opioids and 
midazolam injected intrathecally (i.t.) cause greater depression of 
reflexes evoked by C and Aé fibres, respectively, without 
measurable effects on local efferent sympathetic activity [3]. We 
investigated the selectivity of the effect of clonidine. 

Experiments were performed on eight anaesthetized, paralysed 
and artificially ventilated dogs. Anaesthesia was induced with 
methohexitone 15 mg kg™1 and maintained with 1% a-chloralose 
30 mg kg™', followed by an infusion of 10-20 mg kg h-t. The 
dogs’ lungs were intubated and muscle paralysis was achieved 
with suxamethonium 10mg every 30min. The lungs were 
ventilated with oxygen-enriched air and temperature and blood- 
gas tensions were maintained within physiological limits. Radial, 
tibial and renal sympathetic nerves were exposed, desheathed, cut 
distally and mounted on silver-silver chloride electrodes in 
mineral oil pools. The dura was exposed by laminectomy in four 
dogs to inject drugs i.t. Spontaneous renal sympathetic nerve 
activity was amplified, displayed and integrated. Supramaximal 
electrical stimuli (30 V, 0.5 ms, 0.33 Hz) were applied to the 
peripheral nerves. The reflex renal sympathetic nerve responses 
were displayed, averaged (16 responses), rectified and integrated. 
Four dogs received clonidine i.t. in doses of 50 yg, 100 ug and 
150 ug in 0.5 ml, 1 ml and 1 ml, respectively, at 15-min intervals. 
The other four dogs received clonidine i.v, in doses of 50 ug, 
100 ug, 150 ug and 300 ug at 15-min intervals. Naloxone 2 mg i.v. 
was administered 15 min after the last dose of clonidine followed 
by the alpha, adrenoceptor antagonist yohimbine 5 mg i.v. at 
15-min intervals until measurements had returned to control 
values. 

Incremental doses of clonidine i.t caused non-selective, dose- 
dependent depression of Ad and C reflexes from tibial nerve 
stimulation, which were abolished by a cumulative dose of 150 ug. 
At this point there was a reduction in spontaneous renal 
sympathetic nerve activity of 80% and no reduction in radial 
evoked responses. With clonidine 300 pg, although spontaneous 
renal sympathetic nerve activity was also abolished, there was only 
a small reduction in radial evoked responses. In contrast, i.v. 
administration caused progressive similar reductions in spon- 
taneous renal sympathetic nerve activity and both radial and tibial 
Ad and C reflexes, so that all were abolished simultaneously 
(cumulative dose 600 pg i.v.). Clonidine 300 pg i.t. caused a 
reduction in mean heart rate from 138 to 90 beat min“? (P < 0.05) 
and from 132 to 77 beat min“ (P < 0.05) after i.v. adminstration, 
which decreased further to 62 beat min™ with 600 ug i.v. In 
contrast, there were only small reductions in mean arterial 
pressure (ns). The effects of clonidine were antagonized by 
yohimbine but not naloxone. 

In conclusion, clonidine caused similar dose-dependent de- 
pression of Aô and C reflexes. When these were eliminated 
(150 ug i.t.), 20% of local efferent sympathetic activity remained, 


which was abolished by greater doses (300 ug i.t.). In spite of this, 
the sympathetic responses to radial nerve stimulation remained 
unchanged indicating activation of a second non-alpha, de- 
scending efferent pathway. Systemic administration (600 ug i.v.) 
caused simultaneous elimination of Aé and C responses to both 
tibial and radial stimulation and spontaneous efferent sympathetic 
activity. The effects of clonidine were antagonized by yohimbine 
but not by naloxone. The bradycardic effects of clonidine were 
confirmed. 
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EFFECT OF LOW-DOSE ASPIRIN ON BLEEDING 
TIMES AND THROMBELASTOGRAPHY IN PATIENTS 
AT RISK OF PREGNANCY-INDUCED HYPERTENSION 
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AND D. A. ROCKE* 
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COMPARISON OF THE EFFECTS OF PREOPERATIVE 
NABILONE OR METOCLOPRAMIDE ON 
POSTOPERATIVE NAUSEA AND VOMITING 


D. N. CAMPBELL’, I. H. LEWIS* AND 

M. P. BARROWCLIFFE 

Department of Anaesthesia, Royal Hampshire County Hospital, 
Winchester 


Nabilone is a synthetic cannabinoid, used previously as an 
antiemetic during chemotherapy but not during anaesthesia [1]. 
After obtaining written informed consent and Institutional Ethics 
Committee approval, 60 patients undergoing total abdominal 
hysterectomy were randomized to receive oral premedication with 
either nabilone 2 mg or metoclopramide 10 mg, together with 
diazepam 10 mg. Anaesthesia comprised thiopentone and suxa- 
methonium followed by pancuronium. Anaesthesia was main- 
tained with isoflurane and nitrous oxide in oxygen. Papavererum 
(total 0.3 mg kg! i.v.) was given for analgesia, supplemented with 
diclofenac 100 mg as required, before recovery. Neuromuscular 
block was antagonized at the end of operation with neostigmine 
and glycopyrronium. Papaveretum 0.3 mg kg and prochlor- 
perazine 12.5 mg were prescribed as necessary for postoperative 
analgesia and antiemesis. Nausea, vomiting, antiemetic and 
analgesic requirements were recorded both in the recovery area 
and on the ward. Patients were interviewed 24 h after operation by 
a researcher blinded to the premedication used, and were asked to 
score postoperative nausea, vomiting and pain using a 10-cm 
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visual analogue scale. They were also asked about sedation, 
relaxation and any side effects after premedication. Data were 
analysed using the Student’s unpaired t test for parametric data, 
the Mann-Whitney U test for non-parametric data and the chi- 
square test with Yates’ correction for non-continuous data. 

Fifty-three patients completed the study; 27 received meto- 
clopramide, 26 nabilone. The two groups were comparable for age 
and weight (table I). No significant differences were observed 
between the two groups with regard to nausea, vomiting, pain 
score or time to first oral fluids. The nabilone group received less 
opioid in recovery (P = 0,03), although no difference was seen in 
analgesic requirement between the two groups on the ward. Side 
effects were minimal; one patient receiving metoclopramide 
complained subsequently of dizziness. 

We conclude that, with the dose used, nabilone is no more 
effective than metoclopramide. 
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ANTICHOLINERGIC PREMEDICATION AND 
POSTOPERATIVE SHIVERING 


B. R. BAXENDALE*, R. P. MAHAJAN AND 

A. W. A. CROSSLEY 

University Department of Anaesthesia, Queens Medical Centre, 
Nottingham 


Postoperative shivering is a common phenomenon. A previous 
study [1] suggested that anticholinergic premedication increases 
significantly the incidence of postoperative shivering. This 
prospective, randomized, controlled study examined the effect of 
two different anticholinergic drugs, as premedication, upon the 
incidence and severity of postoperative shivering. 

Two hundred and twenty-five healthy adult patients scheduled 
for ENT, dental or orthopaedic surgery were allocated randomly 
to receive one of three different premedications, given im. lh 
before operation: group 1 (n= 75) received morphine 
0.15 mg kg”? and metoclopramide 10mg; group 2 (n= 75) 
received morphine 0.15 mg kg and glycopyrronium 5 ug kg" 
(maximum 400 ug); group 3 (m= 75) received morphine 
0.15 mg kg™! and hyoscine 5 ug kg! (maximum 400 ug). Patients 
received a standard anaesthetic technique, comprising i.v. in- 
duction with thiopentone 4-5 mg kg! and maintenance with 
isoflurane in oxygen and nitrous oxide (Fig, 0.3), breathing 
spontaneously via a Lack system. The duration of anaesthesia was 
recorded. In the recovery unit, patients were observed for the 
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TABLE II. Incidence (No.) and grade of postoperative shivering in 


the three groups of patients 
Shiver Group | Group 2 Group 3 
grade (n = 75) (n = 75) (n = 75) 
0 59 42 47 
l 6 9 9 
2 7 10 9 
3 3 13 10 


occurrence of shivering and its severity was graded (0 = none; 1 
= mild fasciculation of the face or neck; 2 = visible tremor 
involving more than one muscle group; 3 = generalized shaking). 
Other variables recorded included heart rate, arterial pressure, 
ventilatory frequency, oxygen saturation and tympanic membrane 
temperature. Statistical analysis was performed using ANOVA, 
chi-square and Kruskal-Wallis tests as appropriate, using the 
SPSS-PC+ package. 

There were no differences among the three groups for age, 
gender, weight or duration of anaesthesia. Patients who received 
anticholinergic premedication hed a significantly greater fre- 
quency of postoperative shivering (grade > 0) and significantly 
greater shivering grades (Kruskal-Wallis, P < 0.05) than those in 
the control group (table IJ). There was no difference in core 
temperature between patients who shivered and others, either 
before or during the shivering episode. Shivering did not cause 
any significant changes in heart rate, arterial pressure, ventilatory 
frequency or oxygen saturation. 
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EFFECT OF PROPOFOL ON PROPRANOLOL 
METABOLISM BY HUMAN LIVER MICROSOMES 


P. M. WHALLEY®*, G. T. TUCKER* AND C. S. REILLY 
Department of Anaesthesia and Department of Medicine and 
Pharmacology, University of Sheffield 


Mouton-Perry and colleagues [1] showed that continuous i.v. 
infusion of propofol 0.8 mg kg =! min™ decreased the intrinsic 
clearance of propranolol by 40% in the dog, implying that 
propofol inhibits the enzyme(s) responsible for the metabolism of 
propranolol. Propranolol undergoes aromatic hydroxylation in the 
4 and 5 positions, side chain oxidation to the N-desisopropyl 
product, as well as direct O-glucuronidation. Propofol is also 


TABLE I. Patient characteristics (mean (SD) or range), nausea, vomiting, antiemetic and analgesis requirements (% of group) 
tn the recovery area and on the word, and pain scores (median (range)) in the two groups 


Metoclopramide Nabilone 
group group P (test) 

Age (years) 41.2 (26-54) 43.8 (23-67) 0.24 (t test) 
Weight (kg) 74.3 (17.5) 65.1 (16.5) 0.15 (t test) 
Recovery area 

Nausea (%) 29.6 23.1 0.82 (chi-square) 

Vomiting (%) 22.2 15.4 0.50 (chi-square) 

Antiemetic required (%) 18.6 19.2 0.50 (chi-square) 

Opioid required (%) 51.9 19.2 0.03 (chi-square) 
Ward 

Nausea (%) 70.4 73.1 0.93 (chi-square) 

Vomiting (%) 66.7 53.8 0.50 (chi-square) 

Antimetic required (%) 70.3 57.7 0.50 (chi-square) 

Opioid required (%) 92.6 100 0.49 (chi-square) 

Time to oral fluid (h) 11.2 (6.0) 10.4 (6.7) 0.65 (t test) 
Premedication 

Relaxed preop. (%) 96.3 92.3 0.97 (chi-square) 

Sleepy preop. (%) 48.1 76.9 0.06 (chi-square) 
Visual analogue scales 

Nausea 3.5 (0-10) 3.0 (0-7) 0.92 (U test) 

Vomiting 3.0 (0-9) 1.5 (0-8) 0.32 (U test) 

Pain 5.0 (0-10) 4.0 (0-6) 0.31 (U test) 
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metabolized by both oxidation and glucuronidation [2]. We have 
shown previously that propofol inhibits the conjugation of 
propranolol but not oxidation, in rat and dog liver microsomes [3]. 
We now report results using human liver microsomes. 

Propranolol 50 pmol litre? was incubated with human liver 
microsomes, fortified with either an NADPH-~generating system 
or UDPGA. The incubations were performed at 37°C in a 
shaking water bath for 45 min in the absence and presence of 
propofol dissolved in propylene glycol (0.5~28 umol litre™). A 
control incubation containing propylene glycol was included. 
Each experiment was replicated four times with batches of 
microsomes from different livers. After addition of 6% w/v 
perchloric acid, the samples were centrifuged at 3700 r.p.m. and 
the supernatant was injected onto a high pressure liquid 
chromatography system which measured propranolol metabolites 
by fluorometric detection. 

Propofol did not inhibit the formation of any of the three 
oxidative products of propranolol. However, propofol 28 pmol 
litre! inhibited the formation of the R- and S-glucuronides of 
propranolol by 19 % and 22 % (95% CI = 16-24 % and 17-26%), 
respectively. Addition of the detergent Brij 58 (0.03% w/v) to 
the microsomal suspensions resulted in a three-fold increase in 
glucuronide formation. Inhibition of the formation of the R- and 
S-glucuronides of propranolol and propofol (28 pmol litre") in 
the presence of Brij was 29% and 28% (95% CI 23-35% and 
21-35%), respectively. 

We conclude that propofol, at these concentrations, inhibits 
selectively the hepatic microsomal conjugation of propranolol, but 
not its oxidation. This suggests that propranolol and propofol are 
substrates of the same glucuronyltransferase isoenzyme. 
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EFFECTS OF SUBANAESTHETIC DOSES OF 
ISOFLURANE AND ENFLURANE ON AUDITORY 
EVOKED RESPONSES 


F. J. PEARSALL AND A. J. ASBURY 
University Department of Anaesthetics, Western Infirmary, 
Glasgow 


Our objective was to investigate the effect of subanaesthetic 
concentrations of enflurane and isoflurane on the brain stem 
(BSAER) and long latency auditory evoked responses CLLAER). 
We were interested in the possible use of AER in automatic 
control of anaesthesia and required data at smaller concentrations. 

Thirty fasting volunteers (mean age 24 yr) had scalp electrodes 
placed at the vertex and both mastoids. Fifteen subjects were 
allocated randomly to receive delivered concentrations of 0, 0.31, 
0.5, 0.75% isoflurane, placebo or 0, 0.17, 0.42, 0.6% enflurane 
and 15 received 0, 0.2, 0.31, 0.4% isoflurane or placebo. At each 
step change in volatile agent concentration, 20 min was allowed 
for equilibration. The reclining volunteers received the agents 
through a Hudson mask connected to a Bain circuit (flow > 10 
litre min™), delivering 30% oxygen in air. Basic physiological 
variables, heart rate, arterial pressure, axillary temperature and 
oxygen saturation were monitored throughout each 2.5-h experi- 
ment. End-tidal concentrations of carbon dioxide were not 
measured in these conscious volunteers. Control baseline brain 
stem and long latency recordings were made before introducing 
the volatile agents or placebo. A probability of P< 0.05 was 
considered significant. 

The basic physiological variables remained within the normal 
ranges throughout each experiment. BSAER amplitudes and 
latencies did not change significantly for either drug compared 
with placebo, except for wave V latency, which increased 
significantly at greater inspired concentrations of isoflurane and 
enflurane. 

The N100 latency of the LLAER increased significantly with 
greater inspired concentrations of isoflurane and enflurane. N100 
amplitude differed significantly from placebo. N100 latency 


appears to produce a graded response to isoflurane which may be 
useful in automatic control of anaesthesia. 


HALOTHANE ENHANCES THE FORMATION OF 
INOSITOL (1,4,5) TRIPHOSPHATE MASS IN HUMAN 
NEUROBLASTOMA CELLS 


D. SMART, G. SMITH AND D. G. LAMBERT 
Umversity Department of Anaesthesia, Leicester Royal Infirmary 


As part of a study examining the effects of anaesthetic agents on 
neuronal signal transduction, we have investigated the effects of 
halothane on inositol (1,4,5) triphosphate (1P3) mass formation in 
carbachol-stimulated SH-SY5Y neuroblastoma cells. The mus- 
carinic receptor (M1, M3, M5 subtypes) is an important, well 
characterized example of a receptor coupled to phosphoinositide 
turnover and the generation of IP3. IP3 is a second messenger 
which mobilizes calcium from internal stores and thus has an 
important role in cellular calcium homeostasis [1]. 

All experiments were performed at 37 °C in 300 ul of Krebs/ 
HEPES buffer at pH 7.4, and cells were preincubated for 15 min 
with or without halothane. In order to assess the time course of 
muscarinic-stimulated IP3 formation, cells were incubated in the 
presence or absence of carbachol 1 mmol litre! for 0-300 s. Other 
cell suspensions were gassed with air or 2% (v/v) halothane in air 
delivered via a precalibrated Fluotec 3 vaporizer. Reactions were 
terminated and the IP3 extracted and assayed as described 
previously [2,3]. Statistical comparisons were made by Student’s 
t test. 

Carbachol caused biphasic formation of IP3 with a peak (12- 
fold) at 10 s followed by a plateau, which was significantly (P < 
0.01) greater (three-fold) than corresponding basal concentrations. 
Halothane had no effect on basal IP3 concentrations at the start of 
the experiment but caused a significant (P < 0.01) increase at 
300 s and significantly (P < 0.01) enhanced carbachol-stimulated 
IP3 formation by two-fold at the peak and three-fold at the 
plateau (table ITI). 


TABLE III. Effect of halothane on basal and carbachol-stimulated 
(CS) IP3 formation (pmol/mg protein) in SH-SYSY cells (mean 
(SEM), n = 5). **P < 0.01 compared with air 


Air Halothanne 
Basal 0 s 7.21 (1.11) 11.03 (3.33) 
Basal 300 s 7.25 (1.30) 24.33 (2.48)** 
CS peak 82.2 (2.89) 167.0 (18.2)** 
CS plateau 18.3 (2.38) 56.11 (8.40)** 


There are two possible explanations for the stimulatory effect of 
halothane on IP3 formation. Halothane could activate phospho- 
lipase C, the enzyme responsible for IP3 formation, or halothane 
could inhibit the enzymes responsible for IP3 metabolism. 
Further studies are required to answer these questions. 
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HALOTHANE INHIBITS THE POTASSIUM EVOKED 
RELEASE OF ACETYLCHOLINE FROM RAT 
CORTICAL SLICES 


R. I. NORMAN®, J. GREIFF*, R. GRIFFITHS AND 
D. J. ROWBOTHAM 


University Department of Anaesthesia, Leicester Royal Infirmary 


Acetylcholine is an excitatory neurotransmitter which may be 
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Fic. 1. Basal and K* evoked acetylcholine (ACh) release from rat 

cortical slices in the presence (W) and absence ({]) of 2.4 (rat) 

MAC of halothane. Data are mean (SEM), n= 8, **P = 0.01 
l compared with control. 


important for the maintenance of consciousness. Brain slices were 
prepared from female Wistar rats [1] and divided into two equal 
aliquots. One group was incubated in oxygenated Krebs buffer at 
37 °C, the other in oxygenated Krebs buffer containing phospho- 
line 65 umol litre, an organophosphorus anticholinesterase. 
Krebs buffer (5 mmol litre of K*) and modified buffer (46 mmol 
litre? of Kt) were equilibrated with carrier gas (5% carbon 
dioxide in oxygen) or carrier gas containing 2.4 (rat) MAC of 
halothane. At time Omin and after 30min, samples were 
sedimented and the supernatants assayed for acetylcholine content 
using a chemoluminescence assay [2]. 

K* evoked acetylcholine release was decreased significantly in 
the halothane group compared to the control group (fig. 1). There 
was no statistical difference in acetylcholine release between 
halothane and control in the basal group. 

These experiments demonstrate that K* evoked acetylcholine 
release is decreased in rat cortical slices in the presence of 2.4 
MAC of halothane. A decrease in acetylcholine release, together 
with decreased precursor uptake [3], may contribute to the loss of 
consciousness associated with halothane anaesthesia. 
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ANTAGONISM OF HALOTHANE-INDUCED IN VITRO 
CONTRACTURE OF SKELETAL MUSCLE FROM 
MALIGNANT HYPERTHERMIA SUSCEPTIBLE 
PATIENTS BY DILTIAZEM AND FLUNARIZINE 


P. M. HOPKINS, F. R. ELLIS AND P. J. HALSALL* 
Academic Unit of Anaesthesia, St James's University Hospital, 
Leeds 


Diltiazem has been shown to reduce the halothane-induced im 
vitro contracture response of skeletal muscle from malignant 
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hyperthermia (MH) susceptible patients [1]. The aim of this study 
was to characterize this diltiazem antagonism and also, that caused 
by flunarizine (a chemically unrelated calcium channel antagonist) 
in order to investigate possible mechanisms for the action of 
halothane on MH muscle. 

Patients attending for diagnostic muscle biopsy were typed 
according to the European MH Group procedure [2]. Using 
muscle specimens surplus to diagnostic requirements, the con- 
tracture responses to incremental additions of 0.5%,1%,2% and 
4% halothane were recorded in the presence of 1, 10 or 100 pmol 
litre! of either diltiazem or flunarizine. These were compared to 
those obtained during the diagnostic halothane contracture tests. 

The effects of diltiazem and flunarizine are shown in figure 2. 

The effect of diltiazem is characteristic of an antagonist, which 
strongly suggests that, in human MH, halothane is causing an 
influx of calcium through L type calctum channels. 
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MET-ENKEPHALIN INDUCES DEPOLARIZATION OF 
CULTURED MOLLUSCAN NEURONES IN THE 
PRESENCE OF HALOTHANE 


G. E. SPENCER* AND W. WINLOW* 
Department of Physiology, University of Leeds 


Despite increasing evidence for peptides acting as neuro- 
transmitters in the CNS, very little is known about the effects of 
general anaesthetics on peptidergic systems. We report the effects 
of the inhalation anaesthetic halothane, on the responses of 
cultured Lymnaea stagnalis neurones to applied met-enkephalin. 
This opioid peptide was first identified and characterized in 
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molluscs by Leung and Stefano [1]. Since then, its presence in 
other molluscan species (including Lymnaea) has been reported. 

The Pedal A neurones of the pedal ganglia of Lymnaea CNS 
were cultured in defined medium for 1-2 days. Halothane, 
prepared at various concentrations in standard HEPES saline, was 
superfused over individual neurones and the effects recorded. 

Halothane 1%, 2% and 4% produced a characteristic initial 
depolarization and excitation of the Pedal A neurones, followed by 
hyperpolarization and inhibition. Met-enkephalin was applied at 
concentrations of 10 umol litre! and 100 pmol litre? using a 
puffer pipette attached to a pressure ejection system. In normal 
HEPES saline, met-enkephalin produced inconsistent effects. 
However, in the presence of 1 % halothane, at the same membrane 
potential, met-enkephalin produced a large depolarization and 
increased excitation (n = 9), as shown in figure 3. With 2% and 
4%, halothane, similar effects were observed. Thus in the presence 
of halothane, met-enkephalin consistently induces depolarization 
of neuronal membranes. 
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AN INVESTIGATION OF THE LOCAL ANAESTHETIC 
EFFECTS OF PETHIDINE IN I.V. REGIONAL 
ANAESTHESIA IN VOLUNTEERS 


E. J. THAM, G. J. OLDROYD*, AND I. POWER 
Department of Anaesthetics, University of Wales College of 
Medicine, Cardiff 


Pethidine has been shown to have local anaesthetic actions both tn 
vitro [1] and in vivo [2]. The aim of our study was to investigate 
clinically the local anaesthetic properties of pethidine in small 
concentrations whilst avoiding its systemic effects. This was 
achieved using an i.v. regional anaesthesia technique [3]. 

Five healthy, fasted male volunteers were given i.v. regional 
anaesthesia in a double-blind, randomized fashion with three 
different test solutions. The solutions were: 0.1% pethidine 40 ml 
(i mg mi’); 0.2% pethidine 40ml (2 mgm?) and 0.5% 
prilocaine 40 ml as a control. One volunteer was also randomized 
to receive 0.9% sodium chloride solution 40 ml as a further 
control. I.v. regional anaesthesia was performed in the non- 
dominant arm using a standard technique. 

I.v. cannulae were inserted into the dorsum of both hands. A 
pneumatic tourniquet was placed around the upper arm, the arm 
was exsanguinated, the tourniquet inflated to 250 mm Hg and 
40 mi of the test solution injected over 408. After the end of 
injection, sensation and motor function were tested every | min 
on the blindfolded subject. Twenty minutes later, the tourniquet 
was deflated and testing continued each 1 min until full recovery. 

Sensory block was tested at six different sites, representing 
branches of small peripheral nerves as described previously [3]. 
Sharp and touch sensations were tested using a 27-gauge short 
bevelled needle. Cold sensation was assessed using an ethyl 
chloride spray. Motor power was graded every 5 min as normal (3) 
to no power (0). The number of sites blocked for sharp, touch and 
cold sensation was recorded at each time, as was motor power. A 
graph was plotted for each sensation and motor power. 

Sensory impairment occurred with prilocaine and pethidine, 
but the former had a more profound effect. Sodium chloride 0.9 % 
had little effect. ‘The graph for sharp sensation is shown in figure 
4. 

Motor power impairment was more marked with prilocaine 
than with pethidine. All subjects developed wheals with pethidine. 
With 0.2% pethidine, dizziness occurred in four subjects and one 
became drowsy. 
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FOLLOW-UP OF DAY-CASE PATIENTS IN A 
DISTRICT GENERAL HOSPITAL 


G. J. SMURTHWAITE AND R. G. GHALY 
Department of Anaesthetics, Royal Albert Edward Infirmary, 
Wigan 


Day-case surgery is becoming increasingly popular because of its 
benefits to the patients and provider of the service [1]. We 
investigated if the quality of care for our day-case patients was 
being maintained. 

A total of 200 consecutive day-case patients were sent a brief 
postal questionnaire less than 3 weeks after discharge. The 
questionnaire consisted of 10 questions and a linear analogue scale 
concerning standard of care. There were 166 of 200 (83%) 
respondents. Three had their surgery cancelled and therefore 163 
results were analysed. 

Only 84% of patients had general anaesthesia. Ninety percent 
of patients said they had received instructions before operation, 
which are routinely sent out with the appointment. All those that 
received them understood the instructions, although it was found 
that 77% of patients thought that GP prescribed medications 
should not be taken on the day of operation. This could cause 
problems if antihypertensives or other essential medications were 
omitted. 

It is considered mandatory in our department to allow at least 
2h after recovery from general anaesthesia before discharge. It 
was interesting to find that 36 % of patients were discharged home 
0-2 h after recovery, 42% 2—4 h and 22% more than 4h. 

Private car (90%) was the most popular method of getting 
home, followed by taxi (9%), with 1% using the bus or walking. 
Of those using private cars, 97 % did not drive. Of the five patients 
who drove, four had had local anaesthesia. The single patient who 
drove himself did so within 2 h of recovery: 94% of all patients 
were accompanied home. 

Only 39% of patients were given written instructions on 
discharge and all were understood. It was therefore not surprising 
to find that 57% of the general anaesthesia group and 92% of the 
local anaesthesia group used machinery (cooker or kettle) in the 
first 24h. Only 8% of patients worked the day after discharge. 

After operation, 14% of patients suffered more pain than 
expected and 18% complained of sore throat (59 % of these were 
intubated for non-ENT surgery). Muscle pain was noted in 34 
patients (21 %) after general anaesthesia. Of these, 21 had received 
suxamethonium without pretreatment. Two patients complained 
specifically of pain at the site of injection of analgesia. Both had 
received i.m. diclofenac which is known to cause prolonged pain 
at its injection site [2]. 

A linear analogue scale (0—10) of general satisfaction showed a 
mean result of 8.56 (range 2~10). 

In conclusion, it appears from this preliminary study that 
patients are satisfied with day care. However, there is a definite 
need to improve the provision of instructions and decrease 
postoperative morbidity. 
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ACTIVE SOLUTE TRANSPORT ANTAGONIZES 
ALVEOLAR FLOODING ACROSS THE FULLY 
WETTED IN VIVO RABBIT ALVEOLAR EPITHELIUM 


N. G. VEJLSTRUP* AND K. L. DORRINGTON 
Laboratory of Physiology and Nuffield Department of 
Anaesthetics, Oxford 


Hills has proposed that the alveolar epithelium prevents alveolar 
flooding by a mechanism of water repellency rather than the 
widely assumed action of Starling forces across a membrane with 
a reflection coefficient for plasma proteins close to unity [1]. An 
associated hypothesis is that wetting of the reputedly normally dry 
alveolar epithelium leads to alveolar flooding as a result of 
unopposed pulmonary capillary hydrostatic pressure [1]. We have 
tested this hypothesis in adult rabbits. 

Animals (weights 2.9-3.5 kg) were anaesthetized using halo- 
thane and Hypnorm (fentany!-fluanisone), paralysed with alcu- 
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ronium and tracheostomized supine. The left main bronchus was 
isolated with a balloon tipped catheter, through which the lung 
was filled with a solution of glucose 10 mmol litre™! to which had 
been added sufficient sodium chloride to make the solution 
isotonic with plasma. The catheter was then connected to a 
reservoir of the solution maintained at a constant pressure of 3 cm 
H,O relative to the manubrium. In eight animals, amiloride 
1 mmol litre~! and phloridzin 1 mmol litre! were included in the 
solution to block apical sodium channels and sodium-glucose co- 
transport, respectively [2]; six animals acted as controls. The right 
lung was ventilated with oxygen using a positive end-expiratory 
pressure of 3cm H,O and a mean airway pressure 6cm H,O 
tO maintain normocapnia. After 200 min of equilibration, the 
bronchial liquid flow was measured over 160 min. 

In control animals, bronchial liquid flow was into the alveoli at 
mean 21.9 (sem 4.5) pl min~. In animals given amiloride and 
phloridzin in the instillate, bronchial liquid flow was out of the 
alveoli at 4.1 (1.5) pl min™t. Each reading differed significantly 
from zero at the 5% level on ¢ testing. 

These findings support Hills’ hypothesis, but only in so far as 
it relates to an epithelium in which active sodium transport is 
inhibited. The observation that wetted “inhibited”’ alveoli flood 
at a pressure of 3 cm H,O suggests that the reflection coefficient 
for the alveolar epithelium is small. The data also suggest that 
active solute transport may have an important role in preventing 
alveolar flooding. The question of whether or not active transport 
is compromised in respiratory distress syndromes needs to be 
addressed [3]. 
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PREDICTING DIFFICULT INTUBATION: A NEW 
LOOK AT THE UNDERLYING STATISTICAL 
THEORY 


R. S. CORMACK, A. PETROS AND C. DORE* 
Northwick Park Hospital and Clinical Research Centre, Harrow 


A strategy outlined previously [1] has been applied to long- 
standing problems in discriminant function analysis [2]. Experi- 
ments with computer simulations indicated that the population 
variables are best estimated using means and sp as in the raw 
data, but with n increased to 5000. This eliminated misleading 
results given by commercial software. 

Similarly, the confidence limits of D (the Mahalanobis gap) 
were found from experimentally generated D values. Plotting sp 
of D against 1/\/n gave a straight line through the origin (fig. 5), 
deviating only in small samples. Thus the sp of D is found simply 
from the equation: 


sb = g/Vn 





0.1 0.2 0.3 


INn 
Fic. 5. sp of experimentally determined D values varies with n, 
when mean D = 2.483. 
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where g is constant for a particular D, but varies with different D 
values. The relation of g to D was found to be g = 0.2999D 
+1.143 (when D is between 1.6 and 2.5). Thus despite the 
complexity of the underlying distribution of D, its confidence 
limits are easier to find than those for a routine ż test. The method 
is exact for large samples, but if n < 100 then the result should be 
checked against computer simulations. If 95 % of the experimental 
D values lie between limits predicted from the equations above, 
then that is correct. But if, on the other hand, the D values are 
skewed to the right, they provide a more realistic description. We 
conclude that if orthodox mathematics fails then the advance of 
statistical theory may be achieved by experiment—the strategy of 
science. 
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A NEW TUBE FOR GRADE 3 DIFFICULT 
INTUBATIONS 


M. JONAS*, M. WEST*, A. P. ADAMS AND F. CARLI 
Departments of Anaesthetics, UMDS, Guy’s Hospital, London 
and Clinical Research Centre, Northwick Park Hospital, Harrow 


A new Portex tracheal tube was compared with the Oxford tube in 
performing simulated grade 3 difficult intubations. The Portex 
tube was modified so that the bevel faced backwards as in the 
Oxford tube, to avoid the problems that arise when an introducer 
is needed [1]. The intubations were performed by the authors 
(M.J. and M. W.), who had approximately 2 years’ experience. A 
gum elastic introducer was used with both tubes. The time taken 
and the number of attempts needed to achieve success were 
recorded, as were changes in arterial pressure and heart rate, and 
incidence of sore throat. Both tracheal tubes were easy to insert 
and there were no significant differences between them. The first 
attempt was successful in 65% of cases. 

We conclude that the new tube is suitable for both routine and 
grade 3 cases with advantages of safety, cost and convenience. An 
unexpected but important finding was a clear learning effect, 
despite both anaesthetists being familiar with the techniques at 
the outset. This demonstrates the importance of practising blind 
intubation as others have advocated [2]. 

A least squares learning curve (fig. 6) was fitted to the pooled 
data, using a standard method [3]: 


Yn = YO:e*-*+ Yoo 
where Yn = time taken after n intubations; Yoo = asymptote, 


Intubation time (s) 
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Fic. 6. Time taken to complete simulated grade 3 difficult 
intubations. Pooled data (n = 62) for all intubations (both tubes 
and both anaesthetists). 


“expert time” (9.9); YO = initial time, less asymptote (19.0); k = 
learning constant (0.047) (best fit values). 

In a small sample these estimates are of course approximate, 
nevertheless they are the most likely values for this data set. A 
learning constant of 0.047 corresponds to a half-life of 15, that is, 
the number of intubations needed to halve the distance between 
the “novice time” (Y0+ Yoo) and the expert time (Yoo). If that 
distance is 20, then three half-lives or 45 intubations are needed to 
get within 2.5 of the expert time (fig. 6). We conclude that trainees 
should aim to perform at least 30 simulated difficult intubations 
before handling a high-risk case. 
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INTERACTION OF VECURONIUM AND 
PANCURONIUM WITH CARDIAC M2 MUSCARINIC 
RECEPTORS 


B. APPADU AND D. G. LAMBERT 
University Department of Anaesthesia, Leicester Royal Infirmary 


Many non-depolarizing neuromuscular blocking agents have 
cardiovascular effects. Clinically, pancuronium produces tachy- 
cardia and increases in arterial pressure. In contrast, vecuronium 
has been reported to have minimal effects on the cardiovascular 
system and has even been associated with a few cases of 
bradyarrhythmias [1]. We have examined the binding of both 
vecuronium and pancuronium to M2 muscarinic receptors on a rat 
heart membrane preparation using [*H]-N-methyl scopolamine 
(NMS) as a ligand. 

All displacement assays were performed in l1-ml volumes of 
HEPES 20 mmol litre™!, Mg?* 1 mmol litre™! buffer, pH 7.4, at 
37 °C for 60 min. The affinity (K,,) of vecuronium, pancuronium 
and the M2 selective antagonist methoctramine were determined 
by the displacement of NMS (approximately 0.4 nmol litre“). 
Bound and free ligand were separated by vacuum filtration. 

The binding of NMS to rat heart membranes was dose- 
dependent and saturable with a K, value of 0.26 nmol litre and 
Bmax of 104 fmol/mg protein, respectively. As can be seen in 
table IV, the M2 selective antagonist methoctramine displayed a 
nanomolar affinity and slope factor of unity, consistent with the 
presence of a homogenous population of M2 muscarinic receptors. 
More importantly, both vecuronium and pancuronium displayed 
affinity values that lay within the serum concentrations seen 
during clinical anaesthesia. 

In conclusion, we have demonstrated an interaction of both 
vecuronium and pancuronium with cardiac M2 muscarinic 
receptors which may be responsible for cardiac effects produced 
by these drugs. The nature of this interaction, i.e. agonist, 
antagonist, allosteric [3], is currently under investigation. 
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TABLE IV. Mean (SEM) affinity values (K so) for methoctramine, 
vecuromum and pancuronium. **P <0.01 compared with 


vecuronium 
Kis 
Drug (nmol litre“) Slope factor 
Methoctramine 6.5 (0.5) 1.08 (0.05) 
Vecuronium 549.9 (37.0) 0.60 (0.01) 
Pancuronium 192.2 (21.6)** 0.49 (0.02)** 
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COMPARISON OF THE HAEMODYNAMIC EFFECTS 
OF ROCURONIUM AND VECURONIUM 
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INTUBATING CONDITIONS AND NEUROMUSCULAR 
EFFECTS AFTER MIVACURIUM WITH OR WITHOUT 
PRIOR SUXAMETHONIUM 


V. R. MADDDINENT*, R. K. MIRAKHUR AND 
E. P. McCOY* 
Department of Anaesthetics, The Queen’s Unversity of Belfast 


Mivacurium is a new non-depolarizing neuromuscular blocking 
agent metabolized by plasma cholinesterase and has a relatively 
short duration of action [1]. The present study was undertaken to 
assess the intubating conditions after its use and to study its 
neuromuscular effects with and without prior administration of 
suxamethonium. 

Sixty healthy adults undergoing elective surgery were included 
in the study. Anaesthesia was induced with fentanyl 1-3 ug kg”! 
and thiopentone 3-5 mg kg! and maintained with nitrous oxide 
in oxygen until intubation after which 0.5 to 1.0% halothane was 
added to the inspired gas mixture. The ulnar nerve was stimulated 
at the wrist using a train-of-four mode of stimulation at 2 Hz 
every 12 s and recording the force of contraction of the adductor 
pollicis muscle. The first 40 patients were randomized to two 
groups of 20 each to have the trachea intubated at 1 min after 
gsuxamethonium Imgkg or at 2min after mivacurium 
0.15 mg kg". Intubating conditions were assessed according to a 
previously described scheme [2]. Because of uniformly poor 
intubating conditions with mivacurium, the study was restarted 
using 0.2 mg kg. The last 20 patients also received mivacurium 
0.2 mg kg! but were intubated at 2.5 min. The same dose of 
mivacurium was given to patients receiving suxamethonium after 
recovery to 90% of control. The times to onset of block and 
spontaneous recovery were recorded in all patients. ‘The data were 
subjected to analysis of variance and chi-square tests. 

The intubating conditions were excellent or good in all patients 
after suxamethonium and in 13 of 20 and 16 of 20 patients, 2 and 
2.5 min after mivacurium. The differences between mivacurium 
and suxamethonium were significant (P < 0.05) but not between 
the two mivacurium groups. Data are shown in table V. The 
onset of action was slower and the duration of action longer in the 
mivacurium groups compared with suxamethonium (P < 0.05). 
Prior suxamethonium administration had no significant effect on 
the actions of mivacurium. 


TABLE V. Mean (SD) neuromuscular effects of suxamethonium 
( Sux.) and mivacurium. RI = Recovery index. There were significant 
differences (P < 0.05) between Sux. and mivacurtum groups 

Mivacurium group 


Without With 
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PHARMACOKINETICS OF THE ISOMERS OF 
MIVACUORIUM CHLORIDE IN HEALTHY PATIENTS 
AND IN RENAL FAILURE 


A. G. HEAD-RAPSON, J. C. DEVLIN, G. G. LOVELL*, 
C. J. R. PARKER AND J. M. HUNTER 

University Department of Anaesthesia, Royal Liverpool 
Umversity Hospital and Wellcome Research Laboratories, 
Beckenham 


A solution of mivacurium chloride contains three non-inter- 
changeable stereoisomers: trans-~trans (57 %), cis-trans (37%) and 
cis-c1s (6%). We have presented previously the pharmacokinetics 
of mivacurium in healthy patients following a 10-min infusion, 
and shown a correlation between plasma cholinesterase activity 
and clearance of the trans-trans and cis-trans, but not the cis-cts 
isomer [1]. We determined the pharmacokinetics of mivacurium 
during a prolonged infusion, at a variable rate, in healthy patients 
and in those with end-stage renal failure. 

Four healthy and five renal failure patients (creatinine clearance 
< 20 ml min“), undergoing surgical procedures of at least 1 h 
duration, were studied. Plasma cholinesterase activity was 
measured before operation. After premedication with oral 
diazepam 10mg, anaesthesia was induced with midazolam 
0.05 mg kg}, fentanyl 1 ug kg? and thiopentone 3-5 mg kg", 
and maintained with 70 % nitrous oxide in oxygen with additional 
doses of fentanyl and thiopentone as appropriate. An i.v. cannula 
for infusion of mivacurium was inserted in one limb and a separate 
14-gauge cannula for blood sampling was placed in the arm used 
to monitor the electromyographic response to the neuromuscular 
biocking agent throughout anaesthesia. After a baseline blood 
sample had been obtained, mivacurium was infused using an 
Ohmeda 9000 pump at a rate of 15 ug kg! min™ for 10 min, 
7.5 ug kg™ min“? for the next 10 min and then at a rate adjusted 
to maintain T1/TO at 5%. Blood samples (7 ml) were obtained at 
1, 2, 5, 10, 11, 12, 15, 20, 30, 45 and 60 min and at every 30 min 
for the duration of the infusion, and then at 0, 1, 2, 5, 10, 15, 30, 
45, 60, 120, 180, 240 and 300 mim after termination of the 
infusion. Blood was placed immediately into lithium—heparin 
bottles containing phospholine iodide 1 mg to inhibit plasma 
cholinesterase. Plasma was separated and frozen until analysis. 
Mivacurium was extracted from plasma using a solid-phase 
technique. The isomers were separated using HPLC and assayed 
fluorimetrically [1]. 

We used three standard methods to estimate the clearance of 
each isomer: (1) the standard formula, dose/AUC; (2) clearance at 
steady state; and (3) by fitting a compartmental model. 

Patients were aged 24-64 yr and weighed 40-75 kg. Plasma 
cholinesterase concentrations were 373-1179 iu live}. Creatinine 
clearance in the healthy group ranged from 66 to 104 ml min`? 
and in the renal failure group from 4 to 11 ml min™}. Clearance 
estimated by the three methods is shown in table VI. 

Clearance of the cis-trans and trans-trans isomers correlated 
significantly with plasma cholinesterase activity using all three 
methods (r = 0.70, P < 0.05). There was no correlation between 
cholinesterase activity and clearance of the cis—cis isomer estimated 


TABLE VI. Clearance (Cl) (ml kg7! min`?) of each isomer estimated 
by the three methods and model-derived values of Vd (ml kg-t) and 
Ty (min) for all patients. Values are mean (SD) 


Sux. group prior Sux. prior Sux. 

n 20 40 20 
Onset (8) 48.6 (4.8) 96.7 (22.7) 86.9 (22.2) 
Recovery of T1 to 

25 % (min) 10.1 (3.0) 17.9 (4.5) 18.4 (5.9) 

90% (min) 13.5 (4.0) 25.8 (7.4) 26.5 (8.7) 
RI (min) 2.4 (1.2) 5.5 (1.8) 5.7 (2.0) 
Time to TOR = 0.7 (min) 27.0 (6.0) 30.0 (8.4) 


Cis~cts Cis-trans Trans-trans 
Gi (Dose/AUC) 3.2 (1.1) 90 (50) 50 (26) 
Cl (C=) 4.3 (1.6) 109 (90) 58 (39) 
Model 
Cl 3.7 (1.1) 93 (49) 51 (25) 
Vd 175 (42) 382 (205) 267 (168) 
G 34.7 (9.5) 2.9 (1.1) 3.6 (1.4) 


aS 
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by the AUC and model fitting methods, but a significant 
correlation with clearance of the cts-cis isomer estimated at steady 
state (r = 0.88, P < 0.001). There was no correlation between 
creatinine clearance and clearance of any of the isomers. 

Estimation of volume of distribution and half-life for the more 
rapidly cleared isomers is subject to difficulties. 
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EFFECT OF FOUR ANAESTHETIC INDUCTION 
AGENTS ON PHA-INDUCED T-LYMPHOCYTE 
TRANSFORMATION 


E. G. DEVLIN’, R. S. J. CLARKE, R K. MIRAKHUR 
AND T. A. MCNEILL* 

Departments of Anaesthetics and Immunology, The Queen’s 
Unrvernty of Belfast 


Aneesthetic induction agents may cause transient suppression of 
the human immune system. Thiopentone has been shown to 
inhibit several factors [1] but there is little information on 
methohexitone and etomidate. Preliminary data concerning 
propofol suggest no depression [2]. We have investigated the 
effect of four i.v. anaesthetics and solubilizing agent on T- 
lymphocyte transformations in vitro. 

The four agents and 10% Intralipid were studied at two 
concentrations: thiopentone 40 and 400 pg ml“; methohexitone 
and etomidate 10 and 100 ug mi; propofol 6 and 60 pg mi”. 
Lymphocytes were separated from blood samples obtained from 
healthy blood donors using a standard laboratory technique. 
These were incubated in microtitre wells for 48 h at 37 °C in 5% 
carbon dioxide in air, with phytohaemagglutinin (PHA), a T-cell 
specific mitogen, at the following levels: 0, 0.25, 0.5, 1, 2 and 
4 ug mi™?. Tritiated thymidine 50 pl was added and the cells 
incubated for a further 8 h under the same conditions. Harvesting 
was performed and scintillation fluid added allowing counts to be 
made. The average of four wells was noted. Results were analysed 
using Friedman’s analysis of variance of ranks and the Wilcoxon 
signed rank test. 

Results are shown in table VII. Thiopentone, at the clinical 
concentration, showed a decrease in counts which was just outside 
the level of statistical significance (0.05 < P < 0.1). The greater 
concentration produced total inhibition of cell transformation. 
Methohexitone and etomidate showed significantly decreased 
counts at both concentrations (P < 0.05 and P < 0.01). Propofol 
was associated with a small increase in counts in the absence of 
PHA. The reduction in counts at greater concentrations of PHA 
was not significant with either concentration of propofol. Intra- 
lipid 10% showed no significant decrease in counts at any 
concentration. 
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THE NATURE OF FREE RADICALS WITH WHICH 2,6- 
DITSOPROPYLPHENOL INTERACTS 


V. M. NELSON, S. BENNETT AND T. R. GREEN 
Department of Anesthesiology, Oregon Health Sciences University 
and V. A. Medical Center, Portland, Oregon 


2,6-Diisopropylphenol (propofol) is structurally similar to butyl- 
ated hydroxytoluene, an important free radical scavenger. Recent 
work suggests that propofol may also have free radical scavenging 
properties [1]. The aim of this study was to determine with which 
free radicals propofol may act as a scavenger. 

We determined the effect of propofol on the decrease in oxygen 
tension during different free radical generating reactions and 
investigated structural changes to propofol indicating oxidation. 
Three free radical generating systems were used: (1) The Fenton 
reaction which produces hydroxyl and superoxide radicals; (2) 
xanthine and xanthine oxidase which also produce superoxide 
radicals; and (3) riboflavin photolysis which produces superoxide, 
organic radicals and singlet oxygen [2]. 

Each system was placed in the reaction chamber of an oxygen 
analyser using a Clark electrode and the rate of change of oxygen 
tension recorded as a measure of free radical production. This was 
compared with the rate of change of oxygen tension in the 
presence of propofol in alcohol, propofol in Intralipid (Diprivan), 
and butylated hydroxytoluene in alcohol. After reaction, the 
residual solution was mixed with hexane to extract the organic 
components. This extract was then analysed by HPLC. Second, 
we looked at the effect of propofol on the reduction of nitroblue 
tetrazolium by free radicals to blue coloured formazan. This 
reaction was measured spectroscopically, and then repeated with 
the addition of superoxide dismutase to remove superoxide free 
radicals. 

Oxygen uptake was altered conclusively only in the riboflavin/ 
photolysis free radical generating system where propofol slowed 
oxygen consumption at concentrations greater than 10 pg mi™}. 
HPLC analysis of the products from the riboflavin generated 
reaction suggested breakdown of propofol not seen in the Fenton 
or xanthine reactions. By adding superoxide dismutase to the 
nitroblue tetrazolium reaction, we showed that the action of 
propofol as a free radical scavenger occurred independent of the 
presence of superoxide. 

Propofol is a scavenger of organic radicals but not of superoxide 
radicals. 
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COMPARISON OF CIRCULATORY EFFECTS OF HIGH 
FREQUENCY VENTILATION AND HIGH FREQUENCY 
OSCILLATION TO CONVENTIONAL MECHANICAL 
VENTILATION WITH POSITIVE END-EXPIRATORY 
PRESSURE IN THE SURFACTANT DEFICIENT 
RABBIT 


M. E. NICOL*, A. KOUTSOUKOU-DRITSOPOULOU?, 
C. WANG, A. HOLDCROFT, M. K. CHAKRABARTI AND 
J. G. WHITWAM 

Department of Anaesthetics, Royal Postgraduate Medical School, 
London 


Positive end-expiratory pressure (PEEP) when added to improve 
oxygenation in the surfactant depleted lung, may reduce cardiac 


TABLE VII. Mean (SEM) counts per min after incubation with PHA 4 ug mi *. *P < 0.05, **P < 0.01, ***P < 0.001 


Drug Control 
Thiopentone 103117 (15242) 
Methohexitone 103099 (9170) 
Etomidate 117655 (16258) 
Propofol 138 107 (23822) 


Intralipid 107908 (11229) 


Clinical concn 10 x clinical concn 
91950 (11892) 297 (50)*** 
108 334 (13613)* 60621 (3515)** 
98402 (15065)* 1232 (519)*** 
135340 (22619) 120240 (18733) 

106959 (11437) 97929 (8407) 
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TABLE VIII. Mean (SEM) aortic blood flow (ml min™*) at 0, 5 and 

10 cm HO PEEP before and after lavage. Significance differences : 

*P < 0.05, **P < 0.01 compared with O0 PEEP unthin groups; 
FHP < 0.01 between groups with same PEEP and lung status 


PEEP (cm H,0) 
Ventilatory nn 
mode 0 5 10 

CMV 

Normal lung 377 (26) 224 (31)** 163 (31)** 

Lavaged 327 (31) 215 (25)* 89 (17)** 
HFV 

Normal lung 337 (32) 226 (22)** 144 (32)** 

Lavaged 190 (31)tt 230 (43) 146 (24) 
HFO 

Normal lung 341 (56) 258 (55) 175 (39)** 

Lavaged 201 (29)tT 198 (23) 149 (25) 


output and thus oxygen transport [1]. High frequency ventilation 
(HFV) with passive expiration and high frequency oscillation 
(HFO) with active expiration theoretically produce lower airway 
pressures compared with conventional mechanical ventilation 
(CMV) for the same PEEP level and may prevent circulatory 
depression. 

Six New Zealand white rabbits were anaesthetized and 
measurements of airway pressures, arterial pressure, central 
venous pressure, heart rate, blood-gases and pH, and aortic blood 
flow were made as described previously [1]. A valveless jet driven 
ventilator, a prototype of the SLE 2000, was used to ventilate at 
0.5 and 10cm H,O PEEP in two modes of ventilation: CMV 
30 b.p.m. 1:2 1:2 and HFV 300 b.p.m. 1:8 1:2, and a prototype 
jet driven oscillating ventillator was used to provide HFO 300 
b.p.m. I1:B 1:1. The rabbits’ lungs were lavaged with saline to 
simulate neonatal respiratory distress syndrome [2] until Pag, was 
less than 10 kPa with Fio, 1.0. Increased airway pressure was 
provided during CMV to maintain normocapnia. The three 
ventilatory modes at the three PEEP values were repeated at 
random and measurements made at approximately 30 min after a 
change in ventilation, provided that serial blood-gases were stable. 
Data were analysed using repeated measures analysis of variance 
and P < 0.05 was accepted as significant. 

Aortic blood flow decreased significantly as PEEP was increased 
in normal rabbits’ lungs (table VITI) and this was associated with an 
increase in central venous pressure and a decrease in mean arterial 
pressure during all modes of ventilation. After lavage, blood flow 
with CMV followed the same pattern but at greater PEEP values 
with large peak airway pressures, blood flow was reduced 
compared with normal lung values. The use of HFV and HFO 
with PEEP maintained aortic blood flow in the lung lavage model 
but was not associated with significant changes in oxygen tension. 
At zero PEEP, Pao, was maximal during HFO, but this did not 
reach statistical significance. The peak airway pressures were 
significantly smaller during HFV and HFO compared with CMY. 
However, they were similar during HFV and HFO. 

Circulatory depression was minimized in the rabbit lung lavage 
model of respiratory distress syndrome by the use of large 
frequencies of ventilation, which means that the oxygen supply 
may be better in these modes of ventilation. 
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COMPARISON OF PREDICTED AND MEASURED 
CREATININE CLEARANCE IN POSTOPERATIVE 
CARDIAC SURGERY PATIENTS 


G. K. BLOOR, K. R. WELSH, S. GOODALL, M. V. SHAH 
Department of Anaesthesia, General Infirmary at Leeds 


Previous studies have validated methods to predict creatinine 
clearance from a single plasma creatinine concentration in patients 
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with both normal and abnormal renal function [1]. However, it 
has been emphasized that creatinine concentration has to be stable 
for at least 4 days to allow valid prediction [2]. This study was 
designed to investigate if prediction of creatinine clearance from 
the plasma creatinine concentration is valid in the postoperative 
period in cardiac surgery patients. 

The study was approved by the local Ethics Committee and 
informed consent was obtained from each patient. All patients 
were undergoing cardiac surgery. The investigation was con- 
ducted over a 2-month period. Patient days before but not 
including periods of haemodialysis or haemofiltration were 
studied. Sex, age and body weight of patients were recorded. 
Blood samples and 4-h urine collections were obtained daily. 

Plasma creatinine concentration was determined by a modified 
Jaffe method using an alkaline picrate reaction. Creatinine 
clearance was predicted from plasma creatinine concentration 
utilizing the nomogram described by Siersbaek-Nielson and 
colleagues [3]. Statistical analysis by paired t test was applied for 
comparison of parametric data and regression analysis applied to 
obtain correlation coefficients. 

A total of 93 patient days were studied up to and including the 
fifth postoperative day. There was a significant correlation 
between the predicted and measured creatinine clearance on each 
of the postoperative days (day 1: n = 33, r = 0.92, P < 0.001; day 
2: n= 22, r= 0.84, P<0.001; day 3: n=20, r=0.90, P< 
0.001; day 4: n = 11, r = 0.95, P < 0.001; day 5: n = 7, r = 0.76, 
P < 0.047). The correlation was maintained even if the patients 
required inotrope or vasoconstrictor therapy, were receiving 
parenteral nutrition or had changing renal function (r= 
0.76-0.95, P < 0.05). 

Predicted creatinine clearance is as reliable as measured 
creatinine clearance in cardiac surgery patients up to the fifth day 
after operation. 
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PSYCHOMOTOR EFFECTS OF 3-15% NITROUS 
OXIDE INHALATION 


P. J. ARMSTRONG, C. MORTON*, W. SINCLAIR* AND 
B. TIPLADY* 
Department of Anaesthetics, Untwersity of Edinburgh 


Nitrous oxide is a useful reference compound for assessing the 
sedative effects of other drugs. Itis non-toxic with short-term use, 
has a short duration of action and steady state may be obtained 
rapidly. The threshold concentration required for detectable 
psychomotor effects is still uncertain. Impairment was seen when 
0.05 % nitrous oxide was inhaled for 4 h [1]. In contrast, 5% had 
no effect and 8% had only a minor effect on psychomotor 
performance [2]. The present study was designed to assess the 
effects on the CNS of inhalation of 3-15 % nitrous oxide using a 
variety of psychomotor and cognitive tests. 

Tweive volunteers participated in a randomized, double-blind, 
six-period crossover study, inhaling 0% (placebo), 3%,5%,7%;, 
10% and 15% nitrous oxide in oxygen. The gas was delivered to 
a tight fitting mask using a non-rebreathing circuit with a 4 litre 
reservoir. Gas concentration was measured using the Bruel and 
Kjaer multigas monitor. Oxygen was breathed for 15 min, then 
the test gas for 45 min and finally oxygen for a further 15 min. 
Psychomotor and cognitive tests were administered using a BBC 
Master microcomputer [3]. A short battery of tests (symbol-digit 
substitution (SDST), digit-symbol substitution (DSST) and 
visual analogue scores (VAS) (to assess sedation and mood)) were 
completed at intervals throughout this period. Tests used during 
the test gas inhalation included continuous attention task (CAT), 
choice reaction time (CRT), sentence verification task (SEVT), 
Buschke selective reminding (BSRT) and masked pattern block 
recognition test (MPBR). 

Compared with placebo, 15% nitrous oxide impaired per- 
formance of all tests except SEVT and produced significant 
changes in VAS. In addition, 7% nitrous oxide affected CAT and 
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concentrations > 3% affected BSRT. Performance of the short 
battery of tests was impaired within 5 min of starting to breathe 
the test gas, recovery was complete 10 min after finishing it. 

We conclude that inhalation of 15 % nitrous oxide causes global 
impairment of performance. Lower concentrations have less 
effect, although there was evidence of memory impairment at 
concentrations as small as 3%. 
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OXYGEN DILUTION IN “TRUNK” VENTILATION OF 
CIRCLE SYSTEMS (PART 1) 


B. D. ROYSTON AND D. C. WHITE 
Department of Anaesthesia, Northwick Park Hospital and 
Climcal Research Centre, Harrow 


Circle and to-and-fro anaesthetic systems can be conveniently 
ventilated by attaching a pressure-cycled ventilator operating as a 
flow generator. This has advantages [1] but a drawback is that 
under some circumstances driving gas can enter the anaesthetic 
system diluting the anaesthetic gases. This could result in 
awareness in paralysed patients. One cause of such a dilution is an 
inadequate volume of the reservoir tube (trunk) connecting the 
ventilator to the anaesthetic system. The volume required in the 
trunk has been investigated by several workers using model 
systems [2,3]. 

‘Twenty-four subjects were anaesthetized using propofol and 
ventilation was controlled using nitrous oxide and isoflurane via a 
laryngeal mask. Patients were attached to a Scania circle system 
and tidal volumes were measured by a Wright’s respirometer 
connected between ventilator and trunk and adjusted to maintain 
PEco, between 4 and 4.5 kPa. The system was made up of plastic 
corrugated disposable tubing (internal diameter 22 mm) (Inter- 
surgical). Oxygen concentration within the anaesthetic system was 
measured using a calibrated Datex Capnomac sampling at the 
laryngeal mask. The trunk consisted of a series of detachable 
segments each having a volume of 50 ml. At each of the fresh gas 
flow rates (FGF) studied (6, 3 and 1.5 litre™1), the length of the 
trunk was reduced by 50-mi decrements until an increase in 
oxygen concentration showed that the gas sampled at the laryngeal 
mask had been diluted by ventilator driving gas. Analysis of the 
data failed to show any influence of FGF on the trunk volume 
necessary to prevent this dilution. Therefore, the three sets of data 
points were averaged and are shown in figure 7. 

A linear relation between trunk and tidal volume was found but 
the minimum trunk volume to prevent dilution was 70 ml less 
than the tidal volume. It may be that this depended upon the 
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Fic. 7. Relation between trunk and tidal volume (r = 0.931). 


arrangement of components in the circle system used, a portion of 
which may function as additional reservoir volume. 

For the FGF we studied, the common recommendation of 
1.5 litre [3] for the volume of the trunk is generous, but this may 
not be correct for smaller fresh gas flow rates. The use of 
monitoring allows this volume to be adjusted appropriately. 
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CHANGE IN CHEST WALL DIMENSIONS ON 
INDUCTION OF ANAESTHESIA. A REAPPRAISAL 


C. P. J. MORTON* AND G. B. DRUMMOND 
Department of Anaesthetics, Edinburgh Royal Infirmary 


In supine humans, induction of anaesthesia with or without 
neuromuscular block is associated with a reduction in FRC. 
Possible explanations for this are an increase in gas trapping, an 
increase in central blood volume or a reduction in the volume 
contained within the chest wall [1]. Previous studies do not 
support the first two theories. Studies of the third possibility, by 
measuring chest wall dimensions at induction of anaesthesia, have 
produced conflicting results. Those which inferred volume from 
linear measurements failed to demonstrate any change, whilst 
those which used three~dimensional imaging techniques showed a 
decrease in the volume contained within the chest wall. This could 
be because earlier studies did not take into consideration possible 
changes in volume caused by spinal movements, which may take 
place as muscle tone is lost with induction of anaesthesia. We 
assessed the changes that could occur in chest wall dimensions 
after i.v. induction of anaesthesia, when spinal movement was 
prevented. 

‘Twenty patients gave informed consent for the study, which 
was approved by the Hospital Erhics Committee. Premedication 
comprised temazepam 20 mg orally. On arrival in the anaesthetic 
room, a “Vac Pac” (Howmedica) was placed beneath the patient 
and the air evacuated to provide a firm conforming support for the 
thoracolumbar spine. Magnetometer coils were placed to 
measure the anteroposterior (AP) diameter of the chest at the 
midpoint of the sternum and the AP diameter of the abdomen at 
the umbilicus. Signals from the coils were recorded on a chart 
recorder before, during and after induction of anaesthesia with i.v. 
methohexitone 0.8-1.5 mg kg?. The difference in AP diameter of 
the chest (ARC) and the abdomen (AAb) between awake and 
ansesthetized states was calculated. ARC was plotted against AAb 
for each patient, as described by Konno and Mead [2]. In normal 
supine subjects the relative motion of rib cage and abdomen, in 
the absence of any volume change, is represented on such a graph 
by the “isovolume line” which has a slope of — 16° to —36° [3]. 
Movement away from the isovolume line indicates a change in 
chest wall volume. 
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Fic. 8. Difference in anteroposterior diameter of chest (ARC) and 
abdomen (AAb) between awake and anaesthetized states. @ = 
Individual patients; O = Mean. Shaded area = isovolume line. 
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Complete results were available from 17 subjects. The AP 
diameter of the chest decreased in eight, was unchanged in four 
and increased in five patients. The AP diameter of the abdomen 
decreased in 10, was unchanged in two and increased in five 
patients. Relative to the isovolume line there was a decrease in 
chest wall volume in 11, no change in two and an increase in 
four patients (fig. 8). 

We conclude that in the majority of patients, after i.v. induction 
of anaesthesia, there is a decrease in the volume contained within 
the chest wall. This may explain the change in FRC associated 
with induction of anaesthesia. 
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VARIATION IN THE ARTERIAL TO END-TIDAL Pco, 
DIFFERENCE DURING ONE-LUNG THORACIC 
ANAESTHESIA 


P. C. IP YAM*, P. A. INNES*, M. JACKSON*, 

S. L. SNOWDON AND G. N. RUSSELL* 
Departments of Anaesthesia, University and Cardiothoracic 
Centre, Liverpool 


Because of the inevitable intrapulmonary shunt that occurs during 
one~lung anaesthesia, oxygenation is the primary concern. How- 
ever, little is known about the value of end-tidal Pco, ( in 
reflecting changes in arterial Pco, (Pago,) in this situation [1]. The 
present study was designed to estimate the arterial to end-tidal 
Pco, difference (Paco, —PEco p in the lateral position and to 
evaluate the practice of correcting the estimate by an initial 
measurement of (Pago, — PEoo,) during one-ling ventilation. 

We studied 22 patients undergoing pulmonary resection in the 
lateral position. Anaesthesia was maintained using 1.3% iso- 
flurane in oxygen and one-lung ventilation was achieved using a 
plastic double-lumen endobronchial tube. Ventilation was 
standardized to a tidal volume of 10 ml kg7? at a rate of 10 b.p.m. 
Paired measurements of from a capnometer (Datex) and 
Paco, from arterial blood were obtained, Initial measurements 
were taken on two-lung ventilation in the lateral position and after 
transition to one-lung ventilation. Thereafter, repeated pairs of 
measurements were carried out at 10-min intervals. 

(Paco, — PEco,) on two-lung ventilation was compared to the 
initial measurement on one-lung ventilation using the Student’s 
paired t test. On one-lung ventilation for each patient, after 
computing (Paco, —PEco, at each sample point we subtracted the 
initial (Paco, — PEgo,) from subsequent values to obtain a corrected 
difference. We plotted the mean (SD) (Pago, — PEgo,) as well as the 
mean corrected difference for each patient. Net and corrected 
differences were analysed using ANOVA. 

(Paco, —PEco,) during two- and one-lung ventilation were 
similar (mean (sp) 1.3 (0.6) vs 1.2 (0.7) kPa, respectively). Mean 
values of (Pago,—PEco,) varied from 0.2 to 2.5kPa, while 
maximum values ranged from 0.3 to 2.8 kPa. Mean (sp) of 133 
pairs of (Paco, —PEco,) measurements on one-lung ventilation was 
1.1 (0.7) kPa. Even after correction, mean (Paco, — PEgo,) varied 
from —0.7 to 0.8 kPa; individual extreme values ranged from 
—1.3 to 1.7 kPa. Variation between patients was found to be 
greater than variation within patients for both net and corrected 
differences (F ratio = 37.0 and 10.9, respectively); although 
calculating a corrected difference did reduce variation between 
patients from a mean square value of 2.44-0.61. 

Our findings of an increased (Paco, —PEco,) in the lateral 
position which does not change significantly on one-lung ven- 
tilation are in agreement with previous reports [2,3]. The wide 
variation in (Paco, —PEco,) suggests that the accuracy of es- 
timation of Pago, by monitoring PEco, although improved by the 
use of a corrected difference, remains questionable during one- 
lung ventilation. 
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CAN ONE PREDICT ARTERIAL Pco, FROM 
END-TIDAL Pco,? 


R. FLETCHER 
Untversity Department of Anaesthesia, Lund, Sweden 


When ventilator tidal volume is increased and ventilatory 
frequency decreased simultaneously, the decrease in alveolar 
deadspace fraction is greatest in those patients with worst lung 
function. This paper tests the hypothesis that the arterial 
end-tidal Pco, difference (Paco, —PEco,) during anaesthesia/ 
controlled ventilation may be estimated non-invasively by ob- 
serving what happens to end-tidal Pco, when ventilator frequency 
and tidal volume are changed. 

Twenty-five anaesthetized adults (mean age 65 (sp 10) yr) 
undergoing coronary bypass surgery were studied. The patients’ 
lungs were ventilated at 20 b.p.m. with nitrous oxide in oxygen via 
a Servo 900C ventilator. Expired carbon dioxide was measured by 
a Siemens carbon dioxide analyser 930. The analyser had been 
calibrated using a test gas whose carbon dioxide content was 
confirmed by tonometry with the same apparatus (ABL 300) that 
was used for all blood~gas analyses. At steady state, PE, was 
noted (mean of five successive values) and arterial blood was 
obtained for blood-gas analysis. Immediately after blood sam- 
pling, the ventilator rate was reduced to 10 b.p.m. and the mean 
end-tidal Pco, of the next five breaths was noted. 

When the ventilator setting was changed to 10 b.p.m., doubling 
tidal volume, Poo, increased in 17 patients by mean 0.17 (0.14) 
kPa. In eight patients, it decreased by mean 0.14 (0.11) kPa. There 
was a linear relationship between the change in end-tidal Pco, 
brought about by this manoeuvre and (Paco, — PEgp,) at 20 b.p.m. 
(r = 0.60, P = 0.001, see fig. 9); patients whose end-tidal Pco, 
increased the most had the greatest (Pago, — P&op,) values. Mean 
(Paco, — in the “risers” was 1.06 (0.40) kPa, in “fallers” 
0.73 (0.37) kPa (P = 0.06). 
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Fic. 9. Relationship between change in end-tidal Pco, (PEgo,) and 
arterial-end-tidal Pco, difference (Pago, — PEGo,)- 


The spread of (Pago, — PEco,) values observed in a population of 
middle-aged /elderly patients undergoing anaesthesia/ventilation 
is large (0.5-2 kPa). Non-invasive indices, such as preoperative 
spirometry, age and sex cannot discriminate between patients 
having large and small (Pago, —PEco,) values, although smoking 
habits may be useful [1]. The results suggest that it may be 
possible to identify those patients who have greatly increased 
(Paco, — PEco,) values by a simple non-invasive manoeuvre. 

The range of changes in Prjo, seen here is probably due to 
differences in V/Q spread. In patients with poor lung function, 
who have a large V/Q spread, the change to large tidal volume 
ventilation improves ventilation of small V/Q, large Pco, regions; 
PE¢o, increases. In efficient lungs in which V/Q spread is small, 
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the manoeuvre simply generates more carbon dioxide at a smaller 


partial pressure; PEco, decreases. 
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MONTTORING NEUROMUSCULAR BLOCK: 
COMPARISON OF THE MINI-ACCELOGRAPH WITH A 
MECHANOMETRIC METHOD 


T. STRANG*, R. A. MARTLEW* AND N. J. N. HARPER 
Department of Anaesthesia, Manchester Royal Infirmary 


Accelerometry is a new method of measuring neuromuscular 
block which may be particularly suitable for routine clinical 
monitoring. The mini-accelograph, a compact version of the 
accelograph, has not been compared previously, with a force 
transducer technique for accuracy and drift during train-of-four 
(TOF) monitoring. 

Thirteen ASA I patients undergoing elective lower limb surgery 
received a standard anaesthetic comprising thiopentone and 
enflurane and nitrous oxide in oxygen, with spontaneous ven- 
tiation via a laryngeal mask. When stable anaesthesia was 
established, the transducer of the mini-accelograph was applied to 
one thumb and the force transducer of a Myograph 2000 was 
applied to the contralateral thumb. The ulnar nerves were 
stimulated at the wrists with TOF stimuli delivered at 12-8 
intervals by identical Myotest stimulators via ECG electrodes. 
Both forearms were insulated to maintain skin temperature. When 
control recordings were stable, atracurium or vecuronium was 
administered in a dose sufficient to produce approximately 95 % 
twitch depression. Mechanical ventilation was then commenced. 

At completion of surgery, neostigmine 40 ug kg with atropine 
was administered if necessary to antagonize residual block. 
Monitoring was continued until the TOF ratio exceeded 0.7 and 
the first response of TOF had achieved a plateau, at which time 
enflurane was discontinued. The mini-accelograph and myograph 
were compared with respect to depression of the first response of 
the TOF (T1/T0) and the TOF ratio, using the method of Bland 


TABLE IX. Mean (SD) differences between the myograph and tsini- 
accelograph in assessing TOF ratios 


TOF ratio Difference 
50% block, onset —0.25 (0.42) 
75% block, onset — 0.25 (0.48) 
25% block, recovery —0.005 (0.28) 
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and Altman [1], the matched pairs Wilcoxon signed rank test and 
the unpaired f test. A P value < 0.05 indicated a significant 
difference. 

In nine patients the control TOF ratio measured using the 
mini-accelograph exceeded 1.0 (median 1.1, range 0.97-1.31) 
because the first response was smaller than the subsequent three. 
This was not observed in the myograph recordings. During onset, 
TOF fade at 50% and 75% twitch depression was less 
pronounced using the mini-accelograph. Using the method of 
Bland and Altman, the magnitude of the variation in the difference 
between the TOF ratios, as measured by the myograph and mini- 
accelograph at 50 % and 75 % twitch depression during onset and 
25 % twitch depression during recovery was such that the methods 
cannot be used interchangeably (table IX). 

During onset, the discrepancy between the two methods tended 
to increase to a maximum at moderate block (33—66 %) before 
decreasing to a minimum at profound block. The mean differences 
between the two methods at 33-66% block were greater than at 
0-32 % or 67-100 % block (P < 0.01). 

During onset, the mini-accelograph underestimated block in 
eight patients and overestimated it in two patients. At moderate 
block, the mean difference in T1/TO (myograph vs mini- 
accelograph) was 0.23 (range —0.46 to 0.25). 

In contrast, during recovery, the mini-accelograph over- 
estimated block in six patients and underestimated it in two 
patients. For the majority, the difference between the myograph 
and mini-accelograph was maximum during moderate block 
(mean T1/TO difference 0.16, range —0.36 to 0.43). 

Drift greater than 10% of control occurred in three recordings 
with the myograph and eight recordings with the mini-accelo- 
graph. 

In conclusion, there are clinically significant differences be- 
tween the two methods of measuring TOF ratio during onset and 
offset of neuromuscular block. Differences in single twitch 
depression appear to become significant clinically only during 
moderate block. Drift may be a greater problem with the mini- 
accelograph. 
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ACTIONS OF ALPHA, ADRENOCEPTOR AGONISTS 
ON NORADRENALINE RELEASE IN THE RAT LOCUS 
COERULEUS 


C, M. JORM* AND J. A. STAMFORD* 
Anaesthetics Unit, Royal London Hospital, London 


Alpha, adrenoceptor agonists have been used as adjuncts to 
reduce anaesthetic requirements and the selective agonist dexmede- 
tomidine may even have anaesthetic properties. Although the 
site of action has been suggested to be the locus coeruleus [1], the 
effects of alpha, agonists on noradrenaline efflux in the locus 
coeruleus have not been studied. 

In this study, fast cyclic voltammetry (FCV) [2] was used to 
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Fig. 10. Mean (Sp) inhibition of noradrenaline (NA) efflux by dexmedetomidine (Wi), clonidine ([]} and 
bromoxidine (@). 
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construct concentration—response curves for inhibition of nor- 
adrenaline efflux by the alpha, agonists dexmedetomidine, 
clonidine and bromoxidine. In FCV, a voltage passed across a 
recording electrode causes oxidation and reduction of adjacent 
catecholamines (in this case noradrenaline efflux into the ECF 
from the synaptic cleft). Each catecholamine has characteristic 
oxidation and reduction peaks (for noradrenaline, oxidation occurs 
at +685 mV and reduction at —220 mV vs silver~—silver chloride). 
The speed of the FCV method means that release and reuptake 
events may be measured in real time and quantitative phar- 
macology is possible. Experiments were conducted in 350-ym 
slices of rat locus coeruleus superfused with oxygenated artificial 
CSF at 32 °C. Bipolar tungsten stimulating electrodes were placed 
200 pm from a carbon fibre microelectrode at a depth of 80 um. 
Noradrenaline efflux was evoked using trains of 20 pulses (0.2 ms, 
10 mA) applied every 5 min and monitored using FCV at the 
following variables: scan rate 480 Vs, scan range --1.0 to 
+1.4V vs silver—-silver chloride, interscan interval 500 ms. The 
short stimulus train minimizes endogenous autoreceptor ac- 
tivation and thus enables agonist effects to be seen. 

Noradrenaline efflux was stable for at least a 3-h control period 
(mean 100.3 (SEM 5.8) %, after 3 h). The alpha, agonists inhibited 
noradrenaline efflux in the locus coeruleus in a concentration- 
dependent fashion and the actions were antagonized by the alpha, 
antagonist atipamezole 1 umol litre“. Calculated EC,, values 
were 1.1 (0.3) nmol litre! for dexmedetomidine, 17 (10) nmol 
litre! for clonidine and 17 (7) nmol litre for bromoxidine. The 
concentration—response curves were shallow, resulting in large 
errors in the values. Maximum observed inhibition of nor- 
adrenaline efflux was 59 (3)% for dexmedetomidine, 64 (4) % for 
clonidine and 68 (2)% for bromoxidine (fig. 10). 

The similar maximum reduction of noradrenaline efflux by 
dexmedetomidine and clonidine is at variance with their different 
reduction of volatile anaesthetic requirement: 48 %, clonidine and 
> 90%, dexmedetomidine [3]. The present results suggest that 
the alpha, receptor mediating inhibition of noradrenaline efflux in 
the locus corruleus is, at least, not the sole site of anaesthetic 
action for alpha, agonists. 
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A LARYNGEAL MASK-OBTURATOR TO PREVENT 
ASPIRATION OF GASTRIC CONTENTS 


T. M. AKHTAR 
Dumfries and Galloway Royal Infirmary, Dumfries 


The laryngeal mask airway does not prevent aspiration of gastric 
contents, thus its use in failed tracheal intubation during 
emergency anaesthesia may be hazardous. An oesophageal 
obturator has been shown to prevent regurgitation during 
resuscitation [1]. A laryngeal mask-obturator (LMO) is described 
that can maintain a clear airway without the risk of gastric content 
regurgitation. 

The LMO was prepared by fixing an oesophageal obturator to 
a standard laryngeal mask. The obturator was formed by 
modifying a 10-mm internal diameter Portex disposable tracheal 
tube. The bevel of the tracheal tube was cut and polished to render 
it atraumatic. The oesophageal cuff had a capacity of 30 ml and 
was connected to a non-return valve. 

After obtaining approval of the Hospital Ethics Committee, the 
LMO was used in patients of ASA I or II, undergoing body 
surface surgery. Patients who were grossly obese, had hiatus 
hernia, were allergic to methylene blue or had an oesophageal 
disease were excluded. Premedication with oral temazepam 
0.3 mg kg was administered approximately 90 min before in- 
duction of anaesthesia. Methylene blue has been used to detect 
regurgitation [2]. A gelatin capsule containing 50 mg of methylene 
blue powder in lactose was taken orally by all patients 10 min 
before induction of anaesthesia. Presence of the dye in the 
pharynx indicated regurgitation. Anaesthesia was induced with 
propofol and direct laryngoscopy was then performed to look for 
the dye in the pharynx. The LMO was then placed and the 
number of attempts for its correct placement were noted. 
Oesophageal and laryngeal cuffs were inflated with 20 ml of air 
sequentially. Anaesthesia was maintained with enflurane and 35 % 
oxygen in nitrous oxide and patients were allowed to breathe 
spontaneously throughout the duration of anaesthesia. At the end 
of surgery the LMO was removed and direct laryngoscopy was 
carried out. 

Nine males and eight females participated in the study; all were 
fasted for at least 6 h before operation. Mean age and weight were 
36.7 yr and 70.8 kg, respectively. The LMO was tm situ for a mean 
duration of 33.8 min. The placement of the LMO was easy and 
was accomplished in one attempt in 13 patients. There was no 
regurgitation into the pharynx after induction of anaesthesia in 
any of the patients. Regurgitation was confirmed in three patients 
at the end of the operation, by identifying methylene blue staining 
of the oesophageal obturator below the oesophageal cuff. The 
LMO prevented regurgitation of gastric contents into the 
pharynx. Six patients complained of sore throat after operation 
but none required analgesics. 
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PROCESSING AND PRESENTATION OF DATA FROM 
LONG-TERM MONITORING OF OXYGEN 
SATURATION 


D. J. SAPSFORD AND J. G. JONES 
Department of Anaesthesia, University of Cambridge 


The pulse oximeter enables long-term (e.g. overnight) measure- 
ment of arterial saturation (Spo. This produces a large quantity 
of data which when presented as a Spo, vs time plot fails to display 
episodes of desaturation in any detail. We describe a system that 
allows long-term monitoring of Spo, storing all the data items. 
This software package produces two diagrams which summarize 
these data, compressing them to a manageable size while 
preserving information regarding any significant excursions. 

In the first diagram, the data grouped into periods are displayed 
as a distribution of Spo, These distribution curves are presented 
as a three-dimensional graph against time (fig. 11A). Each curve in 
the 12-h study in figure 114 contains 900 data items collected over 
30 min. The second diagram shows how the information can be 
further simplified. For example, in figure 118 we have used the 
20th, 50th (median) and 80th centiles of the distribution curve to 
produce a two-dimensional graph similar to a contour represen- 
tation of the previous three-dimensional graph (fig. 114). 

Although it is self-evident by visual examination when there is 
a difference between two intervals, but if the total number of data 
items is small, the software has the facility to differentiate between 
two distributions using the chi-square test [1]. This is also used 
for detecting differences between two subjects over equal time 
periods. 

The only variable undefined in this process is the length of each 
interval. From our studies [2,3] the ideal mterval is apparently 
related to the time constant of the event under scrutiny. For 
example, postoperative effects [2, fig. 1] require long intervals 
(30 min-l h), whereas haemodialysis [3] is best studied with 
intervals of 10 min. 
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PREDICTION OF PROLONGED POSTOPERATIVE 
HYPOXAEMIA 


R. GADELRAB*, D. S. SAPSFORD AND J. G. JONES 
Department of Anaesthesia, University of Cambridge 


Postoperative hypoxaemia is becoming increasingly recognized to 
be both prolonged (up to 4 days) and profound (> 75% Spo,) in 
some patients [1]. Ir is not cost effective to administer oxygen 
continuously to every patient for several days after operation. 
Therefore, it would be useful to be able to use a simple test to 
predict which patients are likely to experience prolonged hypox- 
aemia. 
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Continuous Spo, measurements were made in 12 patients 
breathing oxygen at an interpolated partial pressure of 21 kPa 
before, during and after major abdominal surgery. The Spo, data 
were displayed as a series of plots of distribution of Spo, as 
described previously [1]. There was poor correlation between 
preoperative Spo, values and either the median Spo, on the first or 
the second night after operation. In contrast, there was good 
correlation between intraoperative Spo, (PIp, = 21 kPa) and both 
the median Spo, on the first (r* = 0.61) and second (r?° = 0.75) 
nights after operation (fig. 12). 

We conclude that patients with a low intraoperative Spo, at Pio, 
of 21 kPa will be most likely to exhibit prolonged low saturation 
after operation. In contrast, measurement of Spo, before operation 
is a poor predictor of prolonged postoperative hypoxaemia. 
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HALOTHANE, ENFLURANE AND ISOFLURANE 
INCREASE K* STIMULATED EX TRASYNAPTOSOMAL 
GLUTAMATE ACCUMULATION 


S. G. GRAHAM®, C. M. WOODS?, R. GRIFFITHS, 
R. I. NORMAN* AND D. J. ROWBOTHAM 
Umversity Department of Anaesthesia, Leicester Royal Infirmary 


Glutamate is a major excitatory neurotransmitter. It has been 
implicated in central neuroplasticity [1], and drugs decreasing 
glutamate release decrease anaesthetic requirernents [2]. 

Female Wistar rat cortical synaptosomes were prepared using 
the method of Dunkley and colleagues [3] and suspended in 
Krebs-HEPES buffer at a protein concentration of 5 mg ml™!. 
After equilibration with either air or air containing 2.4 (rat) MAC 
of halothane, enflurane or isoflurane at 37 °C, the synaptosomes 
were depolarized with KCI 40 mmol. Immediately, and after 
10 min, aliquots were sedimented and the supernatant assayed for 
glutamate content. In the assay, L-glutamate was oxidized to 2- 
oxoglutarate by glutamate dehydrogenase, a reaction coupled to 
production of NADH. The increase in NADH was measured by 
following the increase in evoked fluorescence. Statistical analysis 
was with paired and unpaired analysis of variance, as appropriate. 

Supernatant glutamate accumulation after K*-induced depolar- 
ization was increased significantly in the presence of all three 
volatile anaesthetics compared with air (fig. 13). No significant 
differences were observed between the three volatile agents. 
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Fic. 13. Extrasynaptosomal glutamate accumulation evoked by 

depolarization in the presence and absence of volatile anaesthetics 

(W) and air alone ((]). Data are mean and sEM, n = 10. *P < 0.05 
compared with air. 


This study suggests that Kt stimulated extrasynaptosomal 
glutamate accumulation is enhanced in the presence of the volatile 
anaesthetics studied. These results are not consistent with a major 
presynaptic mechanism of anaesthesia involving glutamate. 
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INFLUENCE OF THE DAY OF THE MENSTRUAL 
CYCLE ON THE INCIDENCE OF POSTOPERATIVE 
NAUSEA AND VOMITING 


P. J. McDONALD*, T. M. RAMSAY* AND 

E. B. FARAGHER* 

Department of Anaesthesia, Royal Perth Hospital, Perth, Western 
Australia 


In women undergoing gynaecological laparoscopy, it has recently 
been shown that the incidence of postoperative nausea and 
vomiting varies markedly with the menstrual cycle, with a four 
times greater risk during the menses [1]. To establish if this is true 
of patients undergoing other surgical procedures, we have 
prospectively studied 195 premenopausal women presenting to 
our institution for third molar extractions. 

All patients received premedication with papaveratum 
0.2 mg kg and hyoscine 4 jig kg. Induction was with thio- 
pentone 4-6 mg kg™ and intubation was facilitated by suxa- 
methonium or a non-depolarizing agent. Anaesthesia was main- 
tained with either enflurane or isoflurane and nitrous oxide in 
oxygen. At induction, all patients received prochlorperazine 
0.17 mg kg™! i.v. Patients were followed-up until discharge 4.5 h 
after awakening. For analysis, patients were divided by day of 
cycle into three groups: days 1-8 (pre-ovulatory); days 9-15 
(ovulatory) and days 16 to the end of cycle (post-ovulatory). Chi- 
square analysis (with Yates’ correction as appropriate) was used to 
compare the incidence of nausea and vomiting between each 
group. Statistical significance was accepted at P < 0.05. 

The overall incidence of nausea and vomiting was 18.5%. The 
incidence of postoperative nausea and vomiting was significantly 
higher on days 9-15 (P < 0.05) compared with the incidence on 
days 1—8 and on days 16 to the end of cycle. When the 95 patients 
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taking the oral contraceptive pill were analysed independently, the 
incidence of nausea and vomiting remained significantly greater 
on days 9-15 (P < 0.05), In the 100 patients who were not taking 
the cral contraceptive pill, the incidence of postoperative nausea 
and vomiting was greater on days 9-15, but this was not 
statistically significant (P = 0.36) (table X). 


TABLE X. Incidence of postoperative nausea and vomiting (%) by 

day of menstrual cycle and tn those taking the oral contraceptive pill 

(OCP). *P < 0.05 compared with days 1—8 and days 16 to the end of 
cycle 


Day of menstrual cycle 


1-8 9-15 16+ 


All patients 19 29* 12 
Patients on OCP 22 36* 12 
Patients not on OCP 18 23 13 


In our study, a greater incidence of postoperative nausea and 
vomiting occurred on days 9-15 of the menstrual cycle in women 
undergoing third molar extractions. This is in contrast to Beattie 
and colleagues who found a greater incidence of postoperative 
nausea and vomiting on days 1—8 of the menstrual cycle after 
gynaecological laparoscopy [1]. The greatest incidence of post- 
operative nausea and vomiting in our study corresponds to the 
greatest concentrations of oestrogens found during the menstrual 
cycle. It is possible that oestrogens may sensitize the chemo- 
receptor trigger zone, the vomiting centre, or both, to effect this 
cyclical variation in female susceptibility to postoperative nausea 
and vomiting. Further studies measuring the concentrations of 
oestrogen may clarify this mechanism. 
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PERIOPERATIVE SEIZURES AND FLUVOXAMINE 


Sir;—We recently anaesthetized a healthy, 50-kg, 38-yr-old 
woman for extraction of wisdom teeth as an outpatient. Apart 
from taking fluvoxamine 200 mg day for depression, her pre- 
operative assessment was unremarkable. 

She received no premedication. Anaesthesia was induced with 
propofol 150 mg, fentanyl 0.1 mg and droperidol] 1.25 mg. After 
guxamethonium 100mg, the trachea was intubated with a 
nasotracheal tube. The lungs were ventilated by a Penlon 200 
ventilator and Bain system delivering 66% nitrous oxide in 
oxygen at a fresh gas flow of 6 litre min™!. Anaesthesia was 
maintained with 2% enflurane, reducing to 1% during the 
procedure, which lasted 45 min. No additional neuromuscular 
blockers were required. 

At the end of surgery the pharynx was suctioned and 100% 
oxygen and doxapram 40 mg administered. Shortly after this, the 
patient coughed on the tracheal tube, became rigid and began a 
series of dramatic generalized tonic-clonic movements, with 
opisthotonos typical of a grand-mal type seizure. She was given 
midazolam 2 mg and 100% oxygen. The seizure subsided over 
about 1 min, although she continued to have generalized increased 
muscle tone with marked ankle clonus which resolved gradually 
over the next 30 min. The patient was drowsy initially, but 
thereafter made a full and unremarkable recovery. 

Although she was keen to go home that day, she was admitted 
to the ward for overnight observation. She remained well, with no 
further neurological symptoms or signs, and was discharged the 
following morning. 

Perioperative seizures in apparently normal patients may be 
multifactorial and it is clearly not possible to identify one cause 
with certainty when several agents have been used. 

Fluvoxamine maleate is a selective inhibitor of serotonin re- 
uptake. Such drugs are increasingly being used to treat a wide 
variety of psychiatric disorders. One reason for their popularity is 
an apparent relative lack of side effects and toxicity in overdose 
compared with the tricyclic antidepressants or monoamine oxidase 
inhibitors [1]. Among the listed side effects of fluvoxamine are 
agitation, tremor and convulsions. The drug reduces the threshold 
for convulsion and is contraindicated in patients with a history of 
epilepsy [2]. 

The ability of enflurane to induce epileptiform activity and 
grand-mal seizure patterns is well established and has been 
reviewed comprehensively [3]. The situation with regard to 
propofol is more controversial, with reports of both pro- and 
anticonvulsant activity in some circumstances [4]. The Committee 
on Safety of Medicines have received 54 reports of convulsive 
episodes (including generalized convulsions, myoclonic jerks, 
opisthotonous) associated with propofol [C.$.M.—personal com- 
munication]. 

The analeptic agent, doxapram, is sometimes used at the end of 
anaesthesia to stimulate ventilation and accelerate recovery from 
the effects of volatile agents without antagonizing analgesia [5, 6]. 
A modest dose (less than 1 mg kg!) was administered slowly to 
our patient, as surgery had been more prolonged than anticipated 
and ended rather unexpectedly. The drug has central stimulant 
activity, especially in large doses, and its use is not advised 
in known epileptics [7]. However, the Adverse Reaction 
Drug Analysis Information Service yielded only two reports 
of convulsions associated with doxapram in a 28-yr period 
[C.S.M.—personal communication]. 

It seems possible that this patient suffered an epileptiform 
seizure as a result of receiving a proconvulsant anaesthetic 
sequence against a background of an antidepressant which 
decreases the threshold for convulsion. As the 5-hydroxy- 
tryptamine receptor inhibitors are a relatively new group of 
antidepressants which are increasing in popularity, it is important 
for us to be aware of possible interactions with anaesthetic agents. 
Any further reports of similar problems would be most helpful in 
establishing the role (if any) of fluvoxamine in the events that we 


witnessed. K. M. Sp 
C. M. Warr 
Horton General Hospital 


Banbury, Oxon 
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TRACHEAL INTUBATION WITHOUT NEUROMUSCULAR 
BLOCK 


Sir.—Drs Davidson and Gillespie [1] have shown that tracheal 
intubation is frequently possible in healthy patients, using 
propofol with alfentanil and lignocaine, without the use of 
neuromuscular junction blocking agents. Their induction regimen 
included alfentanil given 1 min before induction with propofol. 
Both propofol [2] and alfentanil [3] have the capacity to produce 
apnoea and do so significantly in combination [4]. 

The authors do not state if the patients’ lungs were pre- 
oxygenated, but they noted that monitoring included continuous 
pulse oximetry, although they did not record the results of 
oximetry. They did not comment on the presence or duration of 
apnoea associated with this technique. It is documented that 
desaturation may occur at induction of anaesthesia [5,6]; when 
administering drugs that produce apnoea in association with 
anaesthesia or in patients in whom intubation may be difficult, 
preoxygenation should be used routinely. 

It would seem sensible to preoxygenate the lungs of all patients 
before intubation attempts with Davidson and Gillespie’s tech- 
nique. It is also worth noting that one of the advantages of 
intubation without neuromuscular paralysis is that a patient may 
breathe spontancously after intubation; if the technique is 
associated with prolonged apnoea, this advantage is lost. 


T. M. COOK 


Bristol Royal Infirmary 
Bristol 
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Sir,—The lungs of all patients in our study were preoxygenated 
before induction. Indeed, it is the routine practice of both authors 
to preoxygenate for all patients undergoing tracheal intubation. 
The arterial oxygen saturation was monitored continuously 
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throughout the procedure. No significant changes from baseline 
were noted in any of the groups after either induction or 
intubation. 

With regard to the occurrence and duration of apnoea after 
induction: although several patients continued to breathe spontan- 
cously, most became apnoeic after administration of the com- 
bination of propofol, alfentanil and lignocaine. However, the 
study was designed to determine the feasibility of laryngoscopy 
and tracheal intubation using this regimen, and consequently 
measurement of apnoeic period was felt to be of lesser importance 
in the first instance. Having demonstrated that this technique can 
provide adequate intubating conditions in up to 93 % of patients, 
we are at present undertaking additional studies to assess the 
duration of apnoea using this approach. 


J. A. H. Davison 

J. A. GILLESPIE 
Royal Infirmary 
Glasgow 


HEPARIN CONTAMINATION OF SPECIMENS COLLECTED 
FROM ARTERIAL CANNULAE 


Sir,—The investigation by Haynes and colleagues [1] of the 
accuracy of coagulation studies using arterial cannula samples 
raised the interesting question of contamination with heparin 
flush. 

They cited Lew, Hutchinson and Lin [2], stating that accurate 
results may be obtainable when 5 ml of blood is withdrawn and 
discarded before sampling. Consequently, they withdrew 5.6 ml 
of blood before collecting the sample. 

In unpublished observations made on cardiothoracic surgical 
patients in theatre before heparinization, we found that, after the 
deadspace was discarded, sampling from a proximal port at 15 cm 
from the cannula necessitated 3 ml of blood to be wasted before 
achieving a “clean” sample. If blood was sampled at 150 cm from 
the cannula, deadspace plus 7 ml of blood had to be wasted to give 
an uncontaminated sample. We also used herapin 2 iu ml"! in our 
flush; the coagulation tests in this smail study were activated 
partial thromboplastin time and thrombelastography. 

In the light of Haynes and colleagues’ conclusion that “a blood 
sample from an arterial cannula may give clinically misleading 
information because of contamination with small amounts of 
heparin”, it would seem inevitable that contamination would 
occur if sampling was made at a distance of about 200 cm from the 
cannula. However, their point of sampling was not stated, 


A. MAIN 
Kilkingbeck Hospital 
Leeds 
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Sir,—The choice of reagent used for measuring activated partial 
thromboplastin time has a significant bearing on the degree to 
which heparin contamination prolongs the result [1]. This was not 
considered adequately by Lew, Hutchinson and Lin [2]. The 
reagents used in our study are used widely in haematology 
laboratories in Great Britain, and we feel that the results of our 
study are of direct relevance to clinicians in this country. Dr Main 
does not mention the reagent used in his unpublished work. The 
samples in our study were taken 15 cm distant from the arterial 
cannula. f 

Thrombelastography is a useful technique for rapid diagnosis of 
a coagulopathy, but its interpretation is open to a degree of 
subjectivity. At present, its use remains confined to specialized 
units such as those involved in the provision of liver trans- 
plantation. 

We believe that, unless shown otherwise in carefully conducted 
studies, the only practical solution to the problem is to accept the 
results of our work! That is, that heparin contamination in minute 
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amounts may occur unpredictably in blood samples taken from 
arterial cannulae. 
S. R. HAYNES 


Victoria Infirmary 
Glasgow 
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EFFECT OF PEEP ON HYPERINFLATION 


Sir,—We congratulate Dr Tan and colleagues on their well 
designed and informative study concerning the effects of PEEP in 
patients with obstructive airways disease [1]. 

While we have no argument with their findings or the 
conclusions drawn, we have noted a fundamental statistical error. 

Two methods were used to measure intrinsic PEEP; these were 
airway pressure at the onset of inspiratory flow (Paw,0) and 
airway pressure obtained with expiratory port occlusion at end- 
expiration (Poc).The authors then calculated a correlation coef- 
ficient between the two variables and concluded they were “in 
reasonable agreement (r = 0.87)”. Having reached this con- 
clusion, they referred to only one measurement (Poc) in further 
analyses. 

The misleading use of correlation coefficients in the comparison 
of two measurement techniques has been highlighted by Bland 
and Altman [2]. Regression analysis is used to predict one variable 
from another (i.e. y from x), whereas correlation measures the 
strength of a relation between two variables. This is not the same 
as agreement, nor does it describe accuracy. 

Bland and Altman then described a method of measuring 
agreement between two measurement techniques. This involves 
using the average of the two measurements as the best estimate of 
the true value, and then obtaining the difference between this 
average arid each of the measured values. A mean difference and 
sD are then obtained. These are the “bias” and “limits of 
agreement” of the measurement techniques. 

C. B. BERRY 
P. S. MYLES 
Alfred Hospital 
Prahran, Victoria, Australia 
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Sir,—The method of estimation of PEEPi was.not a prime 
consideration of our study, but merits further comment. Paw,0 is 
a measurement of end-expiratory alveolar pressure under dynamic 
conditions, while Poc is measured under static conditions. To 
average the two variables to obtain the “best estimate of the true 
value”, as suggested, would be misleading. Nonetheless, the data 
have been examined by the method of Bland and Altman [1] and 
the two measurements are in “reasonable” agreement. The bias 
mean difference is 0.06 (sp 0.17) kPa (fig. 1). 

Poc (as a measure of whole-lung static PEEPi) was used in our 
study to analyse the data of hyperinflation and effects of PEEPe as 
this is the standard method for the estimation of PEEPI [2] and 
allows comparison with previous work. Poc has a high degree of 
reproducibility as the measurement is dependent on the resolution 
of the pressure transducer alone, whereas Paw,0 depends on the 
resolution of pressure, flow and the rate of data acquisition. 


T. E. On 
Chinese University of Hong Kong 
Hong Kong 
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Fic. 1. Bland and Altman comparison of the two methods of 
measurement of PEEPi. Horizontal lines: continuous = mean; 
dashed = sp. 
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PREMEDICATION BEFORE CARDIAC SURGERY 


Sir,—We were interested in the article by Pollock and Kenny 
concerning the effects of a nocturnal dose of lorazepam on oxygen 
saturation (Spo,) during the night preceding cardiac surgery [1]. 
We have compared the effect of lorazepam and temazepam, given 
the night before coronary artery bypass surgery, on Spo, during 
that night. Informed consent was obtained from 30 patients: none 
had a history of chest disease; all had Spy. > 96% when awake. 
The were allocated randomly to receive lorazepam 2-4 mg or 
temazepam 20-40 mg. Spy, was monitored with an Ohmeda Biox 
3700, the digital output of which was sampled using a BBC Master 
Series computer. Data were recorded whenever the Sp 
decreased to less than 92%, allowing the duration and severity o 
any period of desaturation to be estimated. Recordings were made 
throughout the night, until the patients received the i.m. 
component of their premedication the next morning. 

There were no significant differences between lorazepam and 
temazepam in the number of episodes of desaturation to less than 
92 %, the duration of the episodes, mean Spo, during one of these 
periods or the smallest Spo, recorded. There was one striking 
difference between the groups: quality of sleep. Those in the 
lorazepam group usually slept through until morning, but those 
given temazepam complained of early, frequent waking and 
difficulty getting back to sleep again. 

In conclusion, our findings confirm those of Pollock and Kenny 
that, in patients about to undergo cardiac surgery, lorazepam 
sedation does not cause alarming episodes of desaturation. 
Moreover, we have shown that desaturation associated with 
lorazepam compares favourably with that associated with tema- 
zepam, a drug which is generally considered a milder sedative and 
which produced poorer sleep in our study. These findings have 
affected our practice: we now use lorazepam more widely, even in 
the higher risk patients. 

R. E. JOHN 

K. M. SHERRY 
Royal Hampshire Hospital 
Shefield 


1. Pollock JSS, Kenny GNC. Effects of lorazepam on oxygen 
saturation before cardiac surgery. British Journal of An- 
aesthesia 1993; 70: 219-220. 


323 


PERIPHERAL NERVE INJURY CAUSED BY INJECTION 
NEEDLES 


Sir,—One reason for the study by Rice and McMahon [1] seems 
to be to question an earlier experimental study on the acute effects 
of needle point trauma by Selander, Dhunér and Lundborg [2]. 
When criticizing that study, Rice and McMahon unfortunately 
made inappropriate comparisons. ‘They studied the amount and 
long-term pathology of injuries in the rat monofascicular sciatic 
nerve after penetrating it with long- (12°) or short- (27°) bevel 
injection needles, whereas Selander’s group aimed primarily at 
the frequency and acute morphology of nerve fascicle lesions after 
piercing the rabbit multifascicular sciatic nerve with a long- (14°) 
or short- (45°) bevel needle. 

The experiments by Selander, Dhunér and Lundborg [2] 
showed that the nerve fascicles easily slid or rolled away from the 
needle point both in pivo and im vitro, especially when the 45° 
bevel was used. This led to a significantly smaller frequency of 
fascicle injury after piercing the nerve with the 45° or short-bevel 
(SB) compared with the 14° or long-bevel (LB) needle. 

When a needle hits a nerve, paresthesiae are elicited and the 
(awake) patient normally reacts to this. The paresthesia informs 
the anaesthetist that the needle is in close contact with the nerve 
and that, if advanced further, the needle may injure the nerve, and 
it seems that most anaesthetists agree with this view [3-6]. 
Selander, Edshage and Wolff [7] and Pievak, Linstromberg and 
Danielsen [8] found that the use of a paresthesia searching 
technique for axillary plexus blocks (with long-bevel needles) 
increased the frequency of post-anaesthetic nerve injuries com- 
pared with a non-paresthesia technique. The use of short-bevel 
needles may press or push the nerve away, thereby giving the 
patient and the informed anaesthetist more time to react to a 
paresthesia before the needle penetrates and possibly injures the 
nerve. 

Rice and McMahon [1] used a short-bevel needle with a bevel 
angle of only 27°. Their short-bevel needle was also 13% thicker 
than the 12° long-bevelled needle used. To injure the single 
fascicle of the rat sciatic nerve “‘the needle was introduced into the 
exposed nerve at mid thigh level at an angle of 45° and left 
undisturbed for 10 min”. This would not be possible unless the 
animal or patient was deeply asleep! It apparently implies that 
each nerve was severely injured by the needle, and under such 
unconventional conditions it may not be surprising that the 27° 
needle caused more severe lesions than the 12°. However, as seen 
in table I of their paper, the acute lesion on day 1 was worst after 
the nerve was pierced with the transversely orientated long-bevel 
needle, as in Selander’s study. 

In the histological study, something termed “‘intranecural 
disruption”’ was assessed and “‘this was defined as the degree of 
disruption to the mnternal elements of the nerve and included such 
factors as the reaction at the site of injury, the gliosis... scored on 
2 0-5 scale...” (my italics). Other morphological changes studied 
were “evidence of axonal degeneration” and “evidence of 
disorganized regeneration of fibres”, both without closer de- 
scription and scored only on a present or absent basis—that is, 
1-100 % = yes; 0 = no. In order to create a global assessment of 
nerve fascicle injury (which had sufficient security to enable 
statistical analysis...) ..., “observations of epineural disruption” 
(my italics) were included, also without a word of definition. No 
microscopic pictures were included to illustrate these changes. 

The statistical handling of these histopathological features was 
puzzling: “‘...a table of high and low score point allocation was 
constructed”. The summed injury score was “allocated to the low 
score table if the epineural or intraneural score was less than 2.5 or 
when no evidence of axonal degeneration or disorganized fibre 
regeneration was observed. The converse applied to point 
allocation to the high score group” (my italics). It seems as if this 
system makes a variety of interpretations and a high degree of bias 
possible. 

In their Discussion, Rice and McMahon did not discuss the 
relevance and validity of their results. The authors seem not to 
understand the fundamental differences in study design and 
needle penetration techniques between their study and that of 
Selander, Dhunér and Lundborg. In the latter study, only a quick 
needle penetration of a multifasciculate nerve was made, to study 
the frequency of fascicular injury, whereas Rice and McMahon 
stated: “The rat sciatic nerve used in our study consists of only 
one fascicle at mid-thigh level and nerve (fascicle) penetration was 
ensured tn all cases”. How, then, is it possible to conclude that 
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“The results of these experiments suggest that when nerve 
fascicles are impaled by commercially available injection needles 
(of similar diameter), lesions occur less frequently—if they are 
induced by an LB needle compared with an SB needle” (my 
italics). Obviously, all nerve fascicles were deliberately injured 
with the test needles| 

The clinical significance of paresthesiae was overlooked also 
when Rice and McMahon could not confirm the recommendation 
of Selander, Dhunér and Lundborg to use a 45°-bevel needle in 
clinical anaesthesia. Instead, they suggested that “there may be 
grounds for recommending the use of LB needles, especially if the 
bevel is aligned parallel to the nerve fibres”. This is probably true 
if one deliberately penetrates the nerve with the needle before 
injecting the local anaesthetic, but such a technique cannot be 
recommended, as an intraneural injection severely increases the 
risk of nerve injury [2, 7, 9, 10]. 

Fortunately, nerve injuries caused by regional anaesthesia are 
rare, but even so, they may cause severe and long-lasting suffering 
for the unfortunate patient and perhaps also for the anaesthetist. 
It is naturally important that any recommendations concerning 
methods or techniques for clinical use are based on sufficient 
clinical experience and basic research. 

D. SELANDER 
Astra Pain Control AB 
S-151 85 Södertälje, Sweden 
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Sir,—The aim of our study was not to “question” the much- 
quoted study by Selander, Dhunér and Lundborg [1], but to 
complement it by examining different aspects of an animal model, 
over a time course more appropriate to the natural history of nerve 
injuries. As Selander points out, there are fundamental conceptual 
differences between the two papers. He examined the extent to 
which injury of the perineural covering of nerve fascicles was 
influenced by bevel design, over a very short period of time. We 
described the influence of needle bevel upon the severity and 
consequences ofintrafascicular lesions, should accidental fascicular 
penetration occur. Selander implies that we were unaware of these 
differences or chose to ignore them. This is quite clearly not the 
case, as we were at pains to point out several times in our text. 
Indeed, the major part of the discussion was devoted to alerting 
the reader to these differences. 

We fully agree with Selander that all possible steps, such as 
avoidance of paraesthetic techniques, should be taken to avoid 
fascicular injury. Our study examined the effects of bevel design 
upon the severity and duration course of intrafascicular lesions, 
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following fascicular penetration. The ability of different bevels to 
penetrate nerve fascicles (or trunks), or to push them away, in the 
clinical situation of the non-surgically exposed nerve is, at present, 
unknown. We shall therefore refrain from making dogmatic 
recommendations until such evidence is available. However, in 
answer to Selander’s question: we did not measure ease of fascicle 
penetration, but our impression was that it was, as would be 
expected, easier to enter the fascicles with the long-bevel needles; 
these commercially produced needles possess a secondary cutting 
bevel. We suggest that long- and medium-bevel needles without 
a cutting bevel (or even “pencil-point” tips [2]) should be 
investigated as a compromise between the supposed relative 
difficulty of entry into a nerve fascicle with short-bevel needles 
and the severe lesions which we have shown to occur should 
fascicles become impaled with such needles. 

The two needles we used were of a similar size and both designs 
are used commonly in the practice of regional anaesthesia. Our 
method of impaling the nerves has been used by others 
investigating mechanical nerve injury [3] and is not dissimilar to 
that used by Selander in his study. In answer to his point 
regarding the angle of entry, this was 45° to the nerve. We decided 
to use this angle having examined the techniques of others 
investigating mechanical fascicular injury [3]. Why did Selander’s 
group choose 90° [1]? 

We dispute Selander’s postulate that fascicular penetration is 
possible only in deeply anaesthetized animals or humans. We have 
both undergone many fascicular penetrations of the ulnar nerve 
during the course of microneurography recordings with a 30-g¢ 
recording electrode. Fascicular penetration (as demonstrated by 
microneurographic recordings) is surprisingly difficult to predict 
on symptomatic grounds alone [4]. Also, many anaesthetists 
perform regional anaesthesia in patients under general anaesthesia. 

With regards to the comments on our summed nerve injury 
scores. The whole point of this exercise was to reduce the 
inevitable bias and observer error of single histological features. 
We displayed most of the individual histological data in table I, so 
that the reader might draw his own conclusions. The epineural 
scores were excluded to avoid repetition, as they were very similar 
to the intraneural scores; they have been published elsewhere [4]. 
The sensitivity of the summed nerve injury scores was shown 
clearly, when the same technique was used to investigate the 
more minor injuries associated with microneurography [4]. 

Several representative photomicrographs were submitted with 
the original manuscript, as we also felt that the reader should be 
able to form a visual impression of the type of lesions being 
discussed. They were omitted from the published version at the 
suggestion of the editor. 

Selander has misunderstood our use of the term “frequency”. 
Of course, all fascicles were impaled; this was the aim of the study. 
The term frequency was used to describe the incidence of 
observed lesions following fascicle injury. 

In the discussion we stressed the various differences between 
the study by Selander, Dhunér and Lundborg [1] and ours. We 
referred to this well known study because, despite the obvious 
fundamental difference from our paper, it is the only relevant 
publication in this field. We did not attempt to make any clinical 
recommendations from our results, but demonstrated that, should 
accidental fascicle penetration occur, the lesions observed fol- 
lowing the use of short-bevel needles are more severe and take 
longer to repair than those from long-bevel needles. We stated 
that a great deal more basic and clinical work needs to be 
performed before definitive statements can be made regarding the 
design of needies for use in regional anaesthesia. We most 
certainly do not advocate the practice of intraneural injection! 
Clinical practice has already been changed once following a single, 
limited, animal study which has never been backed up by clinical 
research. We are reluctant to make further recommendations until 
a great deal more basic and clinical research has been performed 
in order to elucidate this issue. 

A. S. C. RICE 

S. B. MCMAHON 
St Thomas’s Hospital 
London 
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REDUCTION OF DOPAMINE RELEASE AND 
POSTOPERATIVE EMESIS BY BENZODIAZEPINES 


Sir,—We read with interest the study by Takada and colleagues 
{1] on the effects of midazolam and flunitrazepam on the release of 
dopamine from rat striatum. 

Recently, we postulated that benzodiazepines may reduce the 
synthesis, release and postsynaptic effect of dopamine centrally 
[2]. This action at the chemoreceptor trigger zone is a possible 
mechanism for the antiemetic effect of benzodiazepines [2]. 
Anxiolysis mediated by benzodiazepine binding to the GABA,- 
benzodiazepine receptor complex may also contribute to the 
antiemetic effect by reducing the psychic input to the vomiting 
centre [2]. 

The study by Takada and colleagues [1] supports the hypothesis 
that benzodiazepines reduce dopamine release centrally. However, 
they suggest that the effect is mediated by benzodiazepine binding 
to the GABA,~benzodiazepine receptor complex, causing in- 
hibition of dopaminergic neuronal activity. The reason given for 
this conclusion is that the benzodiazepine effect on dopamine 
release was abolished by flumazenil. 

It has been shown that flumazenil is also an adenosine antagonist 
[3]. Benzodiazepines block the re-uptake of adenosine and some of 
their central effects may be explained by an increased adenosine 
action [3]. Adenosine, a central neuromodulator, has been shown 
to inhibit nigrostriatal dopamine release by an adenosine-I- 
receptor mediated effect [4]. 

The alternative explanation for the reduced release of dopamine 
after administration of midazolam and flunitrazepam is that 
benzodiazepines block the re-uptake of adenosine, causing an 
adenosine-mediated reduction in dopamine release [2]. This effect 
can be blocked by flumazenil acting as an adenosine antagonist. 

The regional differences in the effects of midazolam and 
flunitrazepam found by Takada and colleagues [1] may reflect the 
differing activities of the drugs on adenosine neuromodulation, 
the GABA -benzodiazepine receptor complex or both. Obviously, 
further studies are required to clarify this problem. 


T. Di FLORIO 

R. GOUCKE 
Sir Charles Gairdner Hospital 
Nedlands, W. Australia 
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Sir,—Drs Di Florio and Goucke suggest that our results could be 
explained by an inhibitory effect of midazolam and flunitrazepam 
on adenosine uptake [1], because adenosine also inhibits dopamine 
release [1]. Given the lack of selectivity of benzodiazepines, 
benzodiazepine receptor antagonists [2-4] and the ability of 
benzodiazepines to modify adenosine A, and A, receptors [5], the 
suggestion of Drs Di Florio and Goucke merits further con- 
sideration. However, it is possible that the effect of adenosine on 
dopamine release may still be mediated by the GABA-B, receptor 
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chloride channel because of the close association of some 
adenosine receptors with this receptor complex [6]. 


K. TAKADA 
Maudsley Hospital 
Londan 
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ONSET OF BLOCK WITH VECURONIUM AND BODY MASS 
INDEX 


Sir,—I was interested in the demonstration by Drs Gill and Scott 
[1] that the onset of vecuronium 0.1 mg kg™' was faster after 
induction with etomidate compared with thiopentone or propofol. 
I am concerned, however, that excessively heavy patients do not 
appear to have been excluded from the study. 

It is stated that weights ranged from 50 to 110 kg. Body mass 
index is the weight divided by the height squared. According to a 
standard nomogram [2], in order to escape classification as 
“obese”, a 110-kg male would have to be more than 190 cm (6°3") 
tall. Only if his height were to exceed 210 cm (6°11") would his 
weight be accepted as normal! 

It has been shown that increasing the dose of vecuronium from 
0.1 to 0.15 mgkeg™! markedly decreases onset time in patients 
within 20% of ideal body weight [3]. The administration of a 
neuromuscular blocker to an obese patient on an mg kg™’ basis 
constitutes an overdose. If the patient weighing 110 kg belonged 
to the etomidate group, the mean onset time would have been 
spuriously reduced. 

D. M. Levy 
University of Sheffield 
Sheffield 
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Sir,—Standard teaching, for many years, has been to prescribe 
drugs on an mg kg™! basis, although this may not be the most 
appropriate scale to use, especially in obese, burns and any patient 
with an altered basal metabolic rate. However, weight 1s the most 
available source of information in the routine ward setting upon 
which to base an appropriate dose of a drug. 

We agree that the use of this scale may have allowed a patient 
who was obese to have received a relative overdose of vecuronium. 
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However, none of the three groups differed statistically with 
regard to the weights of patients. Those in the etomidate group 
had a mean weight of 74.2 kg (range 50-90 kg). Therefore it is 
unlikely that this variable could have been a confounder in our 


—_ R. S. GILL 
R. P. F. ScoTT 

University of Western Ontario 

London, Ontario 

Canada 


A TRACHEAL TUBE PROTECTOR TO PREVENT KINKING 


Sir,—A tracheal tube hidden under surgical drapes may be 
inadvertently occluded. For example, during surgery on the 
cervical region, the arms of surgical staff may involuntarily 
compress the tube. In such situations, the patient’s upper teeth act 
as the fulcrum of a lever, leading to a kink in the tracheal tube at 
the lips. To solve such problems, special tracheal tubes such as the 
RAE preformed tube and a reinforced tube have been developed. 
However, these tubes are not used frequently and they are 
cumbersome for tracheal intubation and suction. 

We were faced recently with difficulty in ventilation of the lungs 





Fic. 1. The tube protector. The edge of the plastic dome of an 
anaesthetic mask was cut to form a square hole approximately 
15 x 15 mm to fit tracheal tube. 





Fic. 2. The protector in clinical use (volunteer). 
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of a patient because of kinking of the tracheal tube during anterior 
fusion of the cervical vertebra. To solve this problem, we devised 
a protector using a modified anaesthetic mask. We cut off part of 
the plastic dome of an infant mask (size 1) to create a square hole 
approximately 15x 15 mm to fit a tracheal tube (fig. 1). After 
tracheal intubation, the tube was mounted on the concave portion 
of the mask and then connected to an anaesthesia circuit. The 
mask was fixed to the face with adhesive tape (fig. 2). This simple 
equipment prevented the tracheal tube from kinking because of 
the weight of the drapes or the surgeon’s arm. It was not an 
obstacle to surgery because of its small size. 
We now routinely use this protector for surgery in the cervical 
region. 
O. SHIMODA 
R. NAKAYAMA 
M. TASHIRO 
Y. IKUTA 
Kumamoto Rosai Hospital 
Yatsushiro, Japan 


T. KANO 
Kumamoto University Hospital 
Kumamoto, Japan 


A SIMPLE INDICATOR FOR IDENTIFYING THE 
EXTRADURAL SPACE 


Sir,—Recognizing when the point of the needle pierces the 
ligamentum flavum and enters the extradural space is a critical 
step in performing extradural anaesthesia. Forty-three years ago, 
Macintosh proposed an ingenious device for identifying this 
space, based on the existence of negative pressure in the extradural 
space [1]. This indicator comprises an inflated rubber balloon 
attached to a Tuohy needle. When the tip of the needle enters the 
extradural space, the balloon deflates abruptly. However, the 
materials for this device are not readily available, and its assembly 
is awkward. 

Based on the same principal, we have developed a simple device 
using common, readily available materials that are found in all 
operating theatres: a Foley catheter, a stopcock and a needle for 
i.m. injections. The extradural needle is attached to the female end 
of the stopcock using the male connector included in the set 
(Minipack, Portex). The Foley catheter Fr16 is cut transversely 
approximately 7 cm from its distal end and is attached to the side 
connection of the stopcock. The i.m. needle | 21-gauge) is inserted 
into the narrow lumen of the Foley catheter leading to the balloon, 
and a syringe with a few millilitre of air is attached to this needle. 
The stopcock valve is adjusted to connect between the syringe and 
the Foley catheter, and the balloon on the catheter is inflated. 
After the needle is placed in the spinal ligaments, the stopcock 
valve is turned to seal the air in the balloon and open the 
connection between the Foley catheter and the extradural needle. 
‘This device is steadily advanced through the tissues with constant 
pressure. As soon as the needle enters the extradural space, the 
balloon abruptly deflates, indicating the location. 

For correct and effective use, the device must be sealed so that 
the deflation of the balloon is abrupt. Furthermore, confirmatory 
tests for extradural puncture, including an aspiration test, must be 
Carried out. 

This technique is very useful for identifying the extradural 
space, especially at the thoracic and cervical levels, where a 
positive hanging drop sign is not always an infallible index of 
correct extradural localization [2]. 

P. GUED} 
Misgav Ladach General Hospital 
Jerusalem 
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HAEMODYNAMIC EFFECTS OF PROPOFOL 


Sir,—We read the article by Lindgren and colleagues [1] 
comparing propofol and thiopentone and congratulate the authors 
for a fine study on the use of propofol and its haemodynamic 
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effects. The haemodynamic data are consistent with those found 
in some studies by other investigators and were cited as such [2-4]. 
However, in the authors’ discussion they stated that ‘“‘the 
reduction in cardiac index was predominately caused by a 
reduction in systemic vascular resistance” and cited work by 
Lippmann and colleagues [2], amongst others. This particular 
reference is incorrectly quoted. The papers by Lippmann and 
colleagues did not state that the reduction in cardiac index was 
caused by a profound decrease in systemic vascular resistance, but 
was caused by propofol itself, which may be regarded as a direct 
myocardial depressant. The date were as follows: MAP reduced 
23+12%, CI reduced 18+13%, LCWI 35416% and LSWI 
35+18%. SVR, PVR and PCWP remained essentially normal 
[2]. Other investigators have also found that propofol, whilst 
affecting SVR, was a myocardial depressant [3,5]. We wish to 
bring to the attention of Dr Lindgren and colleagues the 
importance of accurate quoting of references, as highlighted 
recently in the North American literature [6]. 


M. LIPPMANN 
U.C.L.A. School of Medicine 
Los Angeles 
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Sir,—There are several well conducted studies which show that 
systemic vascular resistance (SVR) decreased after propofol 
[1-14]. Most interestingly, Rouby and others [11] demonstrated 
that SVR decreased after propofol in patients with artificial hearts 
to a greater extent than after thiopentone. In this situation, cardiac 
output remains constant. Furthermore, plasma renin activity 
increased after propofol, suggesting peripheral vasodilatation 
[15]. In addition, preload has been shown to decrease after 
propofol [16, 17]. However, Carlier and others [18] and Lippmann 
and others [19] were unable to demonstrate a decrease in S 
after propofol. Thus there are at least 17 studies supporting a 
decrease in SVR after propofol and only two studies not confirming 
this. 

It has been shown consistently also that cardiac output or 
variables reflecting it decrease after propofol [1-4, 7, 8, 10, 14, 
16-18, 20, 21]. Thus SVR decreases and myocardial depression 
also occurs after propofol [21]. However, even patients with 
coronary artery disease seem to tolerate these effects well [21]. 

In the discussion in our paper published in British Journal of 
Anaesthesia [22], we erroneously included the paper by Lippmann 
and others [19] amongst those noting a decrease in SVR after 
propofol; we apologize for this mistake. 

L. LINDGREN 
Helsinki University Central Hospital 
Helsinki 
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PHARMACOKINETIC MODELLING OF MIVACURIUM 


Sir,—Cook and colleagues [1] recently proposed an uncon- 
ventional approach to estimating the pharmacokinetics of miva- 
curium, because of inability of their assay to distinguish the three 
stereoisomers of mivacurium, one of which (cis—cis) appears to 
have pharmacokinetics markedly different from those of the others 
[2] (and is believed to be only 10% as potent). When re-analysis 
of certain samples from the terminal phase using a stereospecific 
assay suggested that only the cis—cis isomer persisted, Cook’s 
group assumed that the cis-cis isomer distributed to only one 
compartment and that its concentration throughout distribution 
and elimination could be estimated by extrapolating the log-linear 
terminal portion of the plasma concentration vs time curve to time 
zero (fig. 1). The difference between this curve and the total 
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Fic. 1. The approach used by Cook and colleagues [1] to estimate 
the pharmacokinetics of mivacurium. C, = Plasma concentration, 
normalized to 1 at time 0. = Combined concentration of 
the three stereoisomers of mivacurium. ——-= Values assumed by 
Cook’s group for the cis—ts isomer, assuming that this isomer 
distributes to only one body compartment and that the terminal 
portion represents only the cts—cis isomer. --- = An alternative 
concentration—time curve for the cis—cis isomer (one of many 
possible curves), assuming distribution into more than one 
compartment. 
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Fic. 2. Cook and colleagues’ prediction [1] for the concentration 
of the active isomers (~——; difference between Cook’s total and 
proposed cts—cts concentrations (the thick and thin lines in figure 
1)); --- (difference between the total and our proposed cis—cis 
coficentrations) = an alternative estimate for these isomers. Our 
proposed values would result in markedly different estimates for 
clearance and volume of distribution than those reported by 
Cook’s group. 
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mivacurium concentration (the sum of the three isomers) was 
assumed to represent the sum of the two ‘“‘active’’ isomers 
(trans—trans and cis-trans). We disagree with the assumption by 
Cook and colleagues that the cts—cis isomer should distribute to 
only one compartment. Neuromuscular blockers, being polar, 
typically distribute to at least two compartments: central com- 
partment volume is typically similar to that of plasma volume and 
volume of distribution at steady state generally approximates that 
of the extracellular fluid space. Mivacurium should distribute to 
similar body compartments. 

Assuming that the isomers of mivacurium obey these principles, 
an alternate time course for the cis-cts isomer is likely; one 
possible curve for this isomer is shown in figure 1. The resulting 
values for the active isomers differ markedly from those proposed 
by Cook and colleagues [1] (fig. 2) and the true area under the 
curve (AUC) and area under the moment curve (AUMC) are 
likely to be smaller than Cook’s group estimated. As a result, the 
reported estimates of clearance (calculated as dose divided by 
AUC) and volume of distribution (calculated using both AUC and 
AUMC) are probably incorrect. 

Pharmacokinetic modelling of mivacurium may provide insight 
into the clinical effects of this novel neuromuscular blocker. 
However, correct kinetic analysis of mivacurium requires use of a 
stereospecific assay such as that recently reported by Lien and 
colleagues [2]. In addition, the elimination of mivacurium via 
cholinesterase may necessitate using non-traditional pharmaco- 
kinetic models such as those suggested by Hull for atracurium (3, 
4], We eagerly await these studies. 

D. M. FISHER 

San Francisco, California 
V. HALE 

Bethesda, Maryland 
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Sir,—Our study was originally designed to exarnine the pharma- 
codynamics and pharmacokinetics of a single dose of mivacurium 
in normel patients and in those with hepatic or renal failure. We 
and others have performed similar studies with a variety of non- 
depolarizing neuromuscular blockers and other anaesthetic agents. 

The pharmacokinetic data analysis in this mivacurium study 
was, indeed, complicated by our finding a terminal elimination 
half-life an order of magnitude greater than that predicted from 
either the increase in duration of neuromuscular block in response 
to doubling the mivacurium dose in our other clinical studies 
or the plasma hydrolysis rates for mivacurium which we have 
studied in vitro. This conflict was largely resolved conceptually 
when a new stereospecific assay for mivacurium was later 
developed and differences in the rates of metabolism of the three 
mivacurium isomers and their neuromuscular potency ascer- 
tained. These studies demonstrated that the cis-cis isomer of 
mivacurium represents some 4-8% of an injected dose, has 
limited potency compared with the active cis-trans and trans-trans 
isomers, and is metabolized slowly. Our study was thus seminal in 
calling attention to this interesting pharmacokinetic/dynamic 
problem and serving as the impetus for its resolution. The studies 
by Lien and colleagues provide a natural sequel to our study. 

In an attempt to estimate the pharmacokinetics of mivacurium, 
we assumed that the terminal phase represents primarily the 
cis—cis isomer. Standard curve-stripping techniques were used to 
subtract the presumed contribution of the cts-cts isomer from each 
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plasma concentration-time data point. As stated clearly in our 
paper, one assumption of this method is that the cis—cts isomer 
obeys a one-compartment model and that the model does not 
account for the distribution of the cts-cis isomer. Thus we were 
quite aware that we had not accounted for a distribution phase for 
the ases isomer and likewise quite aware of the principles of drug 
distribution. The purposes of pharmacokinetics are to facilitate 
calculations and to enhance our understanding of drug dis- 
tribution. Our unconventional approach to modelling may 
introduce departure from mathematical “‘purity” and introduce 
some small computational error, but it certainly increased our 
understanding of the kinetics of mivacurium and provided a first 
estimate of its kinetic profile. 

The distribution curve for the cts-cts isomer does have the shape 
proposed by Fisher and Hale in their figure 1. The area bounded by 
the cis-cis alternative values and the “cis—cis (Cook [1])” values 
(——-) represents largely the potential error produced by our 
methods. We have estimated that this segment (or small triangle) 
produces a 3-5 % error in our computations. In the past, we have 
shared most of our published and unpublished data from this 
study with Fisher and Hale; thus we are quite perplexed at the 
alternative time course for the cis—cis isomer which they now 
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propose. As the cis—cis isomer accounts for only 4-8% of the 
injected dose, one wonders how the time zero concentration (Co) 
of the cis-cts isomer mivacurium could be 35% of the total 
isomers as depicted by Fisher and Hale in their figure 1. In our 
paper, we estimated the Co cis—is mivacurium concentration to be 
6.5 (sp 4.7) % of the estimated total mivacurium concentrations. 
This estimate seems much more realistic than that proposed by 
Fisher and Hale. Thus the distribution curve for the cts—cts 
isomers provided by Fisher and Hale seems of dubious relevance; 
the resulting value for the active isomers is probably equally 
flawed. 

Various current investigations are studying the pharmacokinetics 
of mivacurium using stereospecific assays and various kinetic 
models. Such data will, indeed, provide further insights about the 
kinetics of this unique neuromuscular blocking drug. However, 
little insight and certainly no new information or new concepts are 
provided by drawing imaginary but unrealistic distribution curves 
for the cts—cis isomer. 

D. R. Coox 
University of Pittsburgh 
Pittsburgh 
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Life Threatening Problems in the Emergency Room: Problems in 
Anaesthesia. Edited by A. Sutcliffe. Published (paperback) by 
Butterworth~Heinemann, Oxford. Pp. 252; indexed. Price 
£15.95. 


This book is a pocket-sized paperback some 250 pages in 


length. The problems referred to in the title are dealt with in. 


four main sections comprising trauma, burns, medical and surgical 
emergencies and, finally, paediatrics. Each section is subdivided 
logically into theoretical aspects, pathophysiology, practical 
aspects and management. 

The text is a comprehensive and friendly description of the 
clinical problems which a junior anaesthetist may face in the 
resuscitation room of any Accident and Emergency department in 
the U.K. The author has based her presentation on personal 
experience and uses phrasing such as “most patients wake up 
quickly”. She also suggests, for example, that the place to 
consider the theoretical aspects of triage for major trauma victims 
is ‘a leisurely bath ”. The presentation of what is a wealth of detail 
contains some unavoidable repetition and cross referencing, but 
this does not detract from the flow of information provided. 
Several useful tables appear, but there are no diagrams. References 
for further reading make frequent appearances. 

Although the literary style will not be to everyone’s taste, this 
is a very detailed book and contains much useful information for 
the novice, including, for example, just how tightly to bandage a 
chest. It is not an alternative to the ATLS and ACLS manuals, 
but rather a background description of the many problems which 
may present in a busy A & E department. The book should be 
used to provide basic knowledge rather than serving as an on-the- 
spot reference. It will complement the departmental library for 
both anaesthetists and surgeons working in A & E medicine. 

D. Raitt 


Cancer Pain. Edited by R. B. Patt. Published by J. B. Lippincott 
Company, Philadelphia. Pp. 650; indexed; illustrated. Price 
£79.50. 


The management of pain is a vital aspect of the comprehensive 
care of a patient with cancer. The notion of cancer is inextricably 
linked with the image of pain and suffering and it is crucial, 
therefore, that pain assessment and management are integrated 
into cancer treatment, Unfortunately, in spite of changes in 
attitude and medical interest in this area, the WHO estimates that 
only 50% of cancer patients in developing countries receive 
effective pain relief. This truly excellent book is essential reading 
for those endeavouring to improve this situation. 

The editor intentionally has adopted a broad approach in 
recognition of the input that various medical specialties have in 
the treatment of cancer pain. The book is intended as a com- 
prehensive reference for those doctors who have a major 
commitment to cancer pain management and those only occa- 
sionally involved. It is well laid out, easy to read and generous! 


The section on pharmacological treatment discusses extensively 
all aspects of opioid, non-opioid and adjuvant drug usage and, 
provocatively, the reasons why medication is often not used to its 
advantage. The text is not cluttered by use of both generic and 
proprietary drug names, full guidelines on prescribing being well 
tabulated in Appendix C. I would disagree with the statement that 
the syringe driver is a “relatively unsafe” mode of delivery of s.c. 
opioids to cancer patients. It is used extensively in this country 
and has been shown to be both effective and safe. 

Section three is entitled ““ Non-Pharmacological Treatment and 
Novel Approaches to Management”, It contains useful infor- 
mation on the role of chemotherapy, radiotherapy and orthopaedic 
intervention. The chapter on intraspinal opioid therapy is 
outstanding. All the various options available for administration 
are discussed comprehensively. The text is full of practical advice 
regarding the use of this technique and there is an admirable 
section on trouble-shooting—invaluable to those not yet fully 
experienced in management of patients receiving long-term 
analgesia via this route. The salutary chapter on complications of 
invasive procedures contains fascinating photographs and 
accounts of those problems which may arise. 

The last section, special problem area, completes an exceptional 
book. Many aspects of the fascinating account of problems in 
developing countries apply also to those in which more resources 
are available. The chapter on childhood cancer is an excellent 
review of the similar and different pain problems encountered in 
this vulnerable group, 

Especially interesting in the appendix section are the guidelines 
to home patients who have implanted extradural catheters. Many 
pain specialists are using contrast media daily and the appendix on 
this topic was illuminating. 

This is an encyclopaedic text on cancer pain. It should be 
considered essential reading for those clinicians, of whatever 
discipline, who wish to improve the plight of the cancer patient in 
pain. 

B. F. Collett 


A Practice of Anaesthesia for Infants and Children, 2nd Edn. By 
C. J. Coté, J. F. Ryan, I. D. Todres and N. G. Goudsouzian. 
Published by W. B. Saunders Company-Harcourt Brace 
Jovanovich Inc., Philadelphia. Pp. 544; indexed; illustrated. 
Price £50.00. 


The first impression given by this second edition of this text is of 
an elegant presentation. It has been enlarged considerably in 
comparison with the first edition produced in 1986. The title 
appears somewhat strange at first, but is taken from the well 
known book by Wylie and Churchill-Davidson. The aims of this 
edition are the same as those of the first, with nearly half the book 
given over to detailed chapters on physiology and pharmacology. 

The first chapter is an excellent example of sound common 
sense applied to the practice of saree anaesthesia. e 
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circumstances and the continuing promotion of awake intubation 
of the neonate. The preference for inhalation induction reflects 
the unavailability of EMLA cream in the U.S.A. The use of 
extracorporeal membrane oxygenation in cases of diaphragmatic 
hernia continues to be questioned, in that patients with no chance 
of survival because of lung hypoplasia can be kept alive for 
considerable periods. Early extubation for patients with oeso- 
phageal atresia is not practised routinely on this side of the 
Atlantic. The use of metoclopramide in children is not recom- 
mended m the U.K. because of the high incidence of extra- 
pyramidal effects. A personal foible of this reviewer is a strong 
dislike of the use of unrelated landmarks for venous cannulation. 

Techniques recommended for the general anaesthetist should 
be transferable, if possible, from the adult. As one who has to 
anaesthetize the occasional obese adult female, the relationship of 
the nipple to the internal jugular vein escapes me! 

The number of references is impressive, with only eight of the 
29 chapters having fewer than 100 references; the chapter on 
anaesthetic pharmacology boasts 417. The majority of the 
references are well up to date. 

Conversely, only one typographical error was noted, in the mis- 
spelling of coloboma. The criticisms are few, taking into account 
trans-Atlantic differences in practice. This must be one of the best 
textbooks of paediatric anaesthesia available. It can be recom- 
mended to anyone involved in the anaesthetic management of 
children. 

D. Arthur 


Anatomy for Anaesthetists, 6th Edn. By H. Ellis and S. Feldman. 
Published by Blackwell Scientific Publications Ltd. Pp. 358; 
indexed; illustrated. Price £49.50. 


It has been 5 years since the previous edition of this textbook. 
This most recent edition has a larger page size and there have been 
some additions to take account of developments in anaesthetic 
practice. The book is divided into eight parts covering all the 
major aspects of human anatomy. Special zones of anaesthetic 
interest are described in the final section. These are very useful for 
the candidate preparing for the postgraduate examinations in 
anaesthesia. 

A section has been added on the airway during angsesthesia and 
the contribution of the soft palate to airway obstruction is 
discussed with references to some of the recent work in this area. 

The use of the laryngeal mask has expanded rapidly since 1988, 


past 30 years since the first edition. 
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and this device has a brief mention. In a book that is notable for 
the accuracy of its diagrams and drawings, I was disappointed that 
the diagram of the laryngeal mask fz situ is inaccurate as it shows 
the mask pointing in a posterior direction when, as may be seen in 
the accompanying lateral x-ray, the laryngeal mask usually faces 
anteriorly when positioned correctly. 

The Mallampati classification of the airway is outlined in the 
paragraph on difficulties in tracheal intubation. 

"The text of this book has been revised in keeping with present 
day nomenclature and, as in previous editions, the book is 
illustrated by many clear diagrams and drawings. 

Anaesthetists in training who are studying for the F.R.C.A. will 
find this book a valuable aid, as have many anaesthetists over the 


F. A. Langton 


MCQ Tutor in Basic Sciences for Anaesthesia. By C. A. Pinnock 
and R. P. Jones. Published by Churchill Livingstone, Edin- 
burgh. Pp. 150; indexed. Price £11.50, 


This book provides a collection of 240 MCQ in basic sciences (120 
each in pharmacology and physiology) directed at candidates 
preparing for the Part 2 F.R.C.A. examination. The book 
describes the structure of the examination and gives advice on 
MCQ technique. There are six sets of 40 questions with alternate 
sets on pharmacology and physiology. 

‘The authors have proposed that this book should be used as a 
test of knowledge and as a guide to learning. To this end, the 
format differs from some other collections of MCQ, in that each 
question is preceded by a rather wordy preamble outlining what 
basic knowledge is required in the subject of the question and 
what closely related topics may occur. The answers are backed up 
with an explanation and a source reference provided. The 
references are a useful contribution to the learning process. I am 
less sure about the preamble to each question; it may help the 
candidate to think along the right lines in answering the question, 
but it makes it difficult to use as a “mock” examination. In this 
respect, the layout of having the answers on the page opposite to 
the questions makes it difficult to use, although the authors 


_suggest covering the opposite page while attempting the question. 


Overall, I think this is a useful book for Part 2 candidates which 
provides an appropriate range of questions. 
C. S. Reilly 








ERRATA 
British Journal of Anaesthesta 1991; 67: 539-545 


The co-ordinate labelled ED,,P in figure 4 (p. 543) should read ED,,P. 


British Fournal of Anaesthesia 1993; 70: 562-573 


p. 567: Fluids and electrolytes. The first sentence should read: 
Ensure intravascular volume repletion with colloid, then give 1 litre of saline solution, either 150 or 30 mmol 


litre?, every 46 h. 


In the same section, two subsequent references to “‘saline 0.3 mol litre*”’ should read “‘saline 30 mmol 


litre! ”. 


We apologize to the authors for this confusion, which arose during the editorial process. 








Papers for publication and all editorial communications should be 
addressed to: 

Professor G. Smith, 

Editor, British Journal of Anaesthesia, 

University Department of Anaesthesia, 

Leicester Royal Infirmary, 

Leicester LE] 5WW. 

Telephone: 0533 470141 

Fax: 0533 854487 


All business communications should be sent to the Publishers: Professional & 
Scientific Publications Ltd, BMA House, Tavistock Square, London WC1H 9JR. 


The GUIDE TO CONTRIBUTORS may be found in the advertisement section of this issue 
(pages ll, iv & vi). 

Published monthly. Annual subscriptions: Worldwide £125.00; USA only $198.00 
(direct orders only). Trainee rate: Worldwide £69.00. Airmail rates on application. 
ISSN 0007-0912. Orders must be accompanied by payment; cheques should be made 
payable to Professional and Scientific Publications. Orders and payments should be 
sent to Professional and Scientific Publications, BMA House, Tavistock Square, 
London WC1H 9JR. Orders in the United States of America may be sent to 
Professional and Scientific Publications, Box 560B, Kennebunkport, Maine 04046. 


Group Advertisement Director, Mr R. Hayzen. 

Advertisement Manager, Mr A. Allsop. 

Print Production Manager, Mr D. Shaw. 

BMA House, Tavistock Square, London WC1H 9JR. 071-387 4499. 


Whilst every effort is made by the publishers and editorial committee to see that no inaccurate or misleading data, opinions or statement 
appear in this Journal, they wish to make it clear that the data and opinions appearing in the articles and advertisements herein are 
the responsibility of the contributor or advertiser concerned. Accordingly, the publishers and the editorial committee and their 
respective employees, officers and agents accept no liability whatsoever for the consequences of any such inaccurate or misleading data, 
opinions or statements. Whilst every effort is made to ensure that drug doses and other quantities are presented accurately, readers are 
advised that new methods and techniques involving drug usage, and described within this Journal, should only be followed in 
conjunction with the drug manufacturer’s own published literature. 


© Copyright: 1993 British Journal of Anaesthesia 

All rights reserved. No part of this publication may be reproduced, stored in a 
retrieval system, or transmitted in any form by any means, electronic, mechanical, 
photocopying, recording or otherwise, without the prior permission of the British 
Fournal of Anaesthesia, requests for which should be addressed to the Editor. 


Published by Professional and Scientific Publications. 
Printed in Great Britain by the University Press, Cambridge. 


“I would have everie man write what he knowes and no more.” —MONTAIGNE 


BRITISH JOURNAL OF ANAESTHESIA 





VOLUME 71, No. 3 


SEPTEMBER 1993 





EDITORIAL 


PREDICTING DIFFICULT INTUBATION 


Research aimed at predicting difficult tracheal in- 
tubation falls into two categories. One is concerned 
with defining the underlying anatomical problems 
without necessarily producing a useful clinical test, 
the other is aimed directly at the clinical need for a 
simple bedside test that will predict difficult in- 
tubation. 

As difficult intubation occurs infrequently and is 
not easy to define; research has been directed at 
predicting difficult laryngoscopy. This is graded as 
the amount of larynx seen when a Macintosh 
laryngoscope is used in a patient with the head and 
neck in the optimum position. Most research workers 
have defined ‘“‘difficult laryngoscopy” as failure to 
see beyond the epiglottis. It is argued that, if difficult 
laryngoscopy has been predicted and intubation is 
essential, skilled assistance and special equipment 
can be provided. 

The pioneer work in the first category of research 
was carried out by two ENT surgeons, White and 
Kander [1] using head and neck x-rays. More 
recently, this work has been repeated, extended and 
subjected to appropriate statistical analysis by Bell- 
house and Doré [2]. Horton, Fahy and Charters [3] 
have obtained lateral x-rays of the head and neck 
during laryngoscopy to show the relationship of the 
laryngoscope blade to the hyoid, and Bucx and 
colleagues [4] have measured the forces applied 
during laryngoscopy, relating them to patient factors. 
The intention of this type of research is to reveal 
differences that may lead to the design of better 
clinical predictors of difficulty or improvements in 
current methods of laryngoscopy. In this issue of the 
journal, Chou and Wu present x-ray evidence from 
a small number of patients known to present 
difficulty in laryngoscopy, that the vertical distance 
between the mandible and the hyoid was sub- 
stantially longer than in a control group [5]. This is 
confusing as, in clinical studies, others have worried 
about a high, or “anterior” larynx [6] and Pottecher 
and colleagues [7] found the mento—hyoid distance 
to be shorter. (but not usefully so) in patients who 
presented difficulty in laryngoscopy or intubation. 

The second category of research is aimed directly 
at producing a simple bedside test that will reliably 
predict those patients in whom laryngoscopy may be 
difficult. The test most widely advocated is that 
devised by Mallampati and colleagues [8]. Its great 
merit is simplicity, but those who recommend it 
completely ignore its unreliability. The principle is 
simple enough——-when the mouth is opened and the 
tongue protruded, a large or disadvantageously 
positioned tongue obscures the view of the posterior 


pharynx and therefore may also obscure the view of 
the glottis. As many as four grades of pharyngeal 
view have been described [9], but in practice only the 
boundary between two is used as the criterion for 
predicting difficult laryngoscopy. The exact defin- 
itions vary slightly between authors, adding to the 
confusion. The clearest and simplest version is: if 
you cannot see any of the posterior pharyngeal wall, 
predict “‘ difficult’ [10]. Regrettably, the test performs 
poorly, and about 50 % of the patients who proved to 
be difficult to laryngoscope were not predicted as 
such [7, 8, 11-14]. This is no great surprise, as the 
test has considerable observer variability [11, 15, 
16], and does not take head and neck movement into 
account. 

The test designed by Wilson and his colleagues 
[17] combines into a predictive rule several factors 
found to be associated with difficult intubation. This 
test is quick, far simpler to use than might at first 
appear from the description, and has the advantage 
of focusing attention on individual factors. When it 
was used by eight anaesthetists (seven of whom had 
never used it before), 80% of patients in whom 
laryngoscopy subsequently proved difficult were 
identified correctly. Unfortunately, Oates and col- 
leagues [11] reported a much worse performance in 
a comparative study, finding little to choose between 
the Mallampati and Wilson tests, with both tests 
failing to predict as many as 58% of difficult ` 
laryngoscopies. 

Combinations of various measurements, including 
some new ones, are being examined in the hope of 
improving predictive ability. There is no advantage 
in combining the Wilson and Mallampati tests [18]. 
A deficiency of many tests is their failure to give due 
weight to movement at the atlanto—occipital joint [6] 
and more especially the atlanto—axial gap [19], which 
is now known to be especially important. Menon 
[cited in 20] has suggested it can be assessed better 
by asking the patient to extend the head while their 
neck is held in full flexion. The thyro—mental 
distance is potentially useful because it is easy to 
measure and is influenced by several factors. As a 
single test it is unreliable [13], but it may work if 
combined with other tests. Frerk [10] has argued that, 
if the thyro—mental distance is less than 7 cm and the 
posterior pharyngeal wall cannot be seen during the 
Mallampati test, intubation will be difficult. Unfor- 
tunately, the majority of difficult intubations thus 
identified would not have met the criterion for 
difficult laryngoscopy used by other authors [20], so 
the case remains unproven. Two recent studies 
published in abstract, one of 1501 patients [21] and 
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the other enriched with patients known to be difficult 
to laryngoscope [22], failed to predict difficult 
laryngoscopy reliably, despite examining many po- 
tential predictors. 

The search for improved predictive tests con- 
tinues, but is beset with difficulties, not the least of 
which is the decline in the number of tracheal 
intubations and, consequently, a decline in the 
number of “difficult patients” studied. As difficult 
laryngoscopy is a multifactorial problem, many such 
patients must be studied to ensure the necessary 
spread of factors. Even quite large studies usually 
contain a number of suitable patients insufficient to 
provide acceptable estimates (95% confidence 
limits) of predictive ability. So, despite claims, there 
is as yet insufficient evidence to choose between the 
Mallampati, Wilson and Frerk tests, or any other 
combination. Finally, any new predictive rule must 
be tested prospectively on a large sample of new 
patients, as a test inherently performs well on the 
data used to create it. This is an important point of 
experimental design that is usually forgotten or 
ignored. 

Meanwhile, also, anaesthetic techniques have been 
changing. Fewer patients undergo tracheal intu- 
bation, because of the increasing use of the laryngeal 
mask and regional anaesthetic techniques (especially 
in obstetrics), and so fewer patients are being put at 
risk. Fibreoptic intubation is practised widely and 
other devices have some advocates. More important, 
the gum elastic bougie is used widely in the U.K. for 
difficult intubation. The success of this simple tool 
has quietly but radically altered anaesthetic practice, 
as all that is now required is a view of the epiglottis: 
even when the cords cannot be seen, the tip of the 
gum elastic bougie can be slipped quickly behind the 
epiglottis, through the cords, and a tracheal tube 
railroaded over it into position [23]. Another very 
promising device described recently by McCoy and 
Mirakhur [24] is a levering laryngoscope that lifts 
the tip of the epiglottis out of the line of vision. 
Consequently, the requirement for a test has shifted 
to a different goal—the prediction of failure to see the 
epiglottis. This is quite a rare event (and consequently 
even more difficult to study with any statistical 
confidence), 

No test is likely to be perfect. Therefore, it 
remains essential that every anaesthetist must be 
trained and equipped to deal with the now much less 
common, unexpected failure to intubate. This is 
more important than reliance on a fallible test. 

M. E. WILSon 
Bath 
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MANDIBULOHYOID DISTANCE IN DIFFICOLT 


LARYNGOSCOPY 


H.-C. CHOU AND T.-L. WU 


SUMMARY 


We studied radiographically 11 patients in whom 
direct laryngoscopy proved difficult and 100 control 
(general population) subjects. The vertical distance 
between the mandible and the hyoid bone 
(mandibulohyoid distance) was measured and the 
positions of the mandibular angle and hyoid bone 
determined in relation to the cervical vertebrae. We 
found that the mandibulohyoid distance was sub- 
stantially longer in patients whose trachea was 
difficult to intubate; the mandibular angle tended to 
be positioned more rostrally in both men and 
women, and the hyoid bone tended.to be positioned 
more caudally in women. This suggests that a 
relatively short mandibular ramus or a relatively 
caudal larynx may be important, unfavourable 
anatomic factors in difficult laryngoscopy. (Br. J. 
Anaesth. 1993; 71: 335-339) 


KEY WORDS 
Airway: anatomy, tongue. intubation, tracheal: laryngoscopy. 


Although difficult intubation continues to cause 
morbidity and mortality associated with anaesthesia, 
the reasons for difficult laryngoscopy have not been 
completely identified or explained. In the past, 
difficult intubation was attributed to several un- 
favourable anatomical factors such as receding 
mandible, protruding upper incisors and long max- 
illa, limited mobility of the temporomandibular joint 
[1,2], small atlanto—occipital gap [3, 4], restricted 
pharyngeal space, and reduced submandibular tissue 
compliance [5]. Difficult laryngoscopy apparently is 
associated with one or more of these factors. Our 
study was designed to investigate the aetiology of 
difficult laryngoscopy in 11 patients with docu- 
mented problems and to define a possible predictive 
indicator, mandibulohyoid distance. 


SUBJECTS AND METHODS 


We obtained lateral cervical radiographs of 11 
patients in whom intubation during routine surgical 
procedures was found to be difficult (conventional 
rigid laryngoscopy by experienced anaesthetists 
failed). For clinical comparison, we also included 
one radiographic study of a patient with a severely 
receding jaw and protruding upper incisors (““buck”’ 
teeth), in whom laryngoscopy was anticipated as 
difficult before anaesthesia but was performed with- 
out difficulty. 


The lateral cervical x-rays were taken with the 
head in the neutral position and the mouth closed. 
The atlanto—occipital gap was measured from the 
upper margin of the posterior tubercle of atlas 
vertically upward to the occiput. The rostro—caudal 
positions of the mandibular angle and hyoid bone 
were determined by horizontal extension to the 
corresponding levels of the cervical vertebrae (fig. 1). 
The mandibulohyoid distance, defined as the vertical 
distance between the mandible and the hyoid bone, 





Fic. 1. Diagram of normal lateral cervical x-ray film of female 
patient with head in neutral position, to show how radiological 
results were obtained. Atlanto—occipital gap was measured from 
upper margin of posterior tubercle of atlas (A) vertically upward 
to occiput (O). Mandibular angie was determined by drawing a 
horizontal (~~~) line from the- intersection of two tangents of 
posterior ramus (R) and lower border of the mandible (M), across 
to the cervical (C2) spine. The position of the hyoid bone (Hi) was 
determined by drawing a horizontal line (-~--) from the upper 
margin of the hyoid bone to the adjacent cervical spine. The 
mandibulohyoid (MH) distance was measured from the upper 
margin of the hyoid bone (H) vertically upward to the lower 
margin of the mandible (M). Note that mandibular angle is 
situated at the lower C2 level, and H is situated between C3 and 
C4. 
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TABLE I. Radiological findings. AOG = Atlanto-ocapital gap; MH = mandibulohyoid. Unfavourable anatomical factors: 1 = small atlanto- 

occipital gap; 2 = rostral mandibular angle (short mandibular ramus); 3 = caudal hyoid bone (caudal larynx). * Patient in whom intubation 
twas anticipated as difficult but was performed without difficulty 


Cervical vertebra nearest 


MH 
Patient Age AOG Mandibular distance Physical Unfavourable 
No Sex (yr) (mm) angle Hyoid bone (mm) characteristic factors 
1 M 68 0 Upper C2 C3 to C4 45 Severely receding jaw i; 2 
2 M 63 5 Middle C2 Upper C4 31 Receding jaw 2 
3 M 36 7 Middle C2 Lower C3 32 Bull neck 2 
4 M 50 7 Middle C2 C3 to C4 38 None 2 
5 M 38 2 Lower C2 C3 to C4 20 None I 
6 M 63 0 C2 to C3 Lower C4 37 Very short neck 1,3 
7 F 48 4 Middie C2 Middle C4 30 Receding jaw 2,3 
8 F 56 2 Cl to C2 Middle C3 22 Receding jaw 1,2 
9 F 44 4 Lower C2 Middle C4 30 Slightly receding jaw 3 
10 F 47 0 Middle C2 C2 to C3 16 None 1,2 
11 F 53 5 Middle C2 Middle C4 34 None 23 
12* F 4] 7 Lower C2 Lower C3 14 Severely receding jaw, None 
buck teeth 


was measured from the upper margin of the hyoid 
bone vertically upward to the lower margin of the 
mandible. Radiological findings are summarized in 
table I. Because none of our subjects had a prominent 
long maxilla or temporomandibular joint problems, 
we did not include assessment of these two factors in 
our study. | 

In order to select a control group, we examined 
cervical spine x-ray films (taken by the radiology 
department during a 2-month period) in which the 
patient’s head was in the neutral position; we 
excluded films of paediatric and edentulous patients. 
We measured the mandibulohyoid distance and 
determined the positions of the mandibular angle 
and the hyoid bone in 100 patients (54 male). 

All data collected from our control and study 
subjects were analysed using appropriate statistical 
tests. 


RESULTS 


Difference in mean mandtbulohyotd distance between 
the study and control groups 


Data were analysed separately by gender, using a 
two-sided ż test; the level of significance was a = 


0.05. The difference between mean mandibulohyoid - 


distances in male study subjects (mean 33.8 (sp 
8.4) mm) and male control subjects (mean 21.4 (8.6) 
mm) was significant (P = 0.0013), as was that 
between female study subjects (26.4 (7.3) mm) and 
female control subjects (15.4 (6.3)mm) (P= 
0.0006); this reflected a wide variation in mandibulo- 
hyoid distances in the general adult population. 
Patients in whom the trachea was difficult to 
intubate, however, tended to have a relatively longer 
mandibulohyoid distance (fig. 2). 


Association of mandibulohyoid distance with 
vertebral levels of mandibular angle and hyoid bone 
(table IT) l 


Linear regression models including as covariates 
vertebral levels for both the mandibular angle and 
hyoid bone were used to test statistical significance of 
associations with mandibulohyoid distance. In 
women, both relatively ‘‘rostral” mandibular angle 
(middle C2 and above) and relatively “caudal” 


hyoid bone (middle C4 and below) were associated 
with longer distance; the association was stronger for 
the hyoid bone (P = 0.0001) than for the mandibular 
angle (P = 0.0121). In men, longer distance was 
associated with relatively rostral mandibular angle 
(P = 0.0003), but not with the position of the hyoid 
bone. Therefore, although the mandibular angle was 
generally situated at the lower C2 level and the hyoid 
bone between the C3 and C4 levels (fig. 3), in 
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No. of patients 


0 2 4 6 8 10 12 14 16 
No. of patients 


Fic. 2. Mandibulohyoid (MH) distance in study (9) and control 
(W) subjects. A: Women (n = 5, 46; mean 26.4, 15.4 mm; range 
16-34, 1-34 mm, in study and control subjects, respectively); B: 
men (n = 6, 54; mean 33.8, 21.4 mm; range 20-45, 2-42 mm, in 
study and control subjects, respectively). MH distance varied 
widely in control subjects, but study subjects tended to have a 
relatively long MH distance. Difference between mean ME 
distance in study and control subjects significant for both males © 

and females. 
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TABLE II. Mean (SD) mandibulohyoid distance (MHD) by vertebral levels of the mandibular angle and hyoid bone for the 
study (n = 11) and control groups (n = 100) combined 


Men (n = 60) Women (n = 51) 
Vertebral level No. MHD (mm) No. MHD (mm) 


Mandibular angle 
Middle C2 and above 7 34.4 (6.2) 
Lower C2, C2 to C3 4] 23.1 (7.6) 
Upper C3 and below 12 14.7 (9.4) 
Hyoid bone 
Lower C3 and above 13 22.5 (7.0) 23 14.1 (5.4) 
C3 to C4, upper C4 38 . 22.9 (9.4) 22 15.7 (5.4) 
Middle C4 and below 9 22.6 (13.4) 6 28.8 (6.3) 
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Fic. 3. Vertebral level of mandibular angle (W, N) and hyoid bone (C], @) in control and study subjects, respectively. 

A: Women (control n = 46; study n = 5); B: men (control n = 54; study n = 6). The mandibular angle was generally 

situated at the lower C2 level and the hyoid bone was generally situated between C3 and C4 levels in control subjects. 

Study subjects had a relatively rostral mandibular angle (both men and women) and a relatively caudal hyoid bone 
(women. only). 


Vertebral level 
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tance the mandibular angle tended to be situated Distributions of mandtbular angle and hyoid bone 
more rostrally among both men and women, and the position l 
hyoid bone tended to be situated more caudally The proportion with relatively rostral mandibular 
among women. angle and relatively caudal hyoid bone for the study 
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Fic. 4. Lateral cervical x-ray film of patient No. 1 (male) shows 

unusually long mandibulohyoid distance (45 mm), unusually 

short mandibular ramus (mandibular angle is situated at upper C2 

level) and occiput in contact with atlas in neutral position 

{atlanto—occipital gap = O mm). Note that a large portion of 
tongue mass is situated m the hypopharynx. 
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Fic. 5. Lateral cervical x-ray film of patient No. 12 (female) shows 

buck teeth and receding jaw. Mandibulohyoid distance (14 mm), 

mandibular angle (at lower C2 level) and hyoid bone (at lower C3 
level) are relatively normal. Intubation was not difficult. 
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group was compared with that of control subjects 
using Fisher’s exact test. The study group had a 
larger proportion with rostral mandibular angle in 
both men (P = 0.0001) and women (P = 0.0006). 
The proportion with a relatively caudal hyoid bone 
was larger for the study group in women (P= 
0.0009), but not in men. This analysis suggested 
further that patients who presented difficulty in 
intubation, tended to have a relatively rostral 
mandibular angle; although a relatively caudal hyoid 
bone was also found significant for women in this 
group. 
DISCUSSION 


Because it measures the vertical distance between the 
mandible and the hyoid bone, the mandibulohyoid 
distance also indicates the relative rostro—caudal 
positions of the two. A more rostral mandibular 
angle, a more caudal hyoid bone, or both, contribute 
to a longer mandibulohyoid distance. 

The ramus of the mandible articulates rostrally 
with the base of the skull at the mandibular fossa and 
extends caudally into the cervical region. A more 
rostral mandibular angle thus indicates a relatively 
short mandibular ramus. Because the epiglottis arises 
from the thyroid cartilage and then remains dorsal to 
the hyoid bone, the position of that bone marks the 
entrance to the larynx. A more caudal hyoid bone 
thus indicates a relatively caudal larynx. 


Role of a long mandibulohyotid distance in difficult 
laryngoscopy 

In the neutral head position, the oropharyn- 
golaryngeal passage has two axes which form an 
angle of almost 90° [6]. During normal laryngoscopy, 
we first convert that angle to about 125° by extending 
the head at the atlanto—occipital joint, and then use 
the laryngoscope blade to displace the tongue and 
establish a 180° straight-line alignment. 

Basic geometric principles show that a small 
atlanto—occipital gap, protruding upper incisors and 
a long maxilla, a caudal larynx, or a combination of 
any of these anatomical factors, necessitate a greater 
degree of tongue displacement. If the submandibular 
tissue compliance is sufficient to compensate for 
these unfavourable factors, tongue displacement is 
not difficult; otherwise, difficulty may be anticipated. 

A short mandibular ramus raises the floor of the 
oral cavity toward the base of the skull. Minor 
reduction in the linear vertical length of the man- 
dibular ramus may substantially reduce the size of 
the oropharyngeal cavity, diminishing the space 
available for tongue displacement and thus con- 
tributing greatly to overall reduction of submandib- 
ular tissue compliance during laryngoscopy. When 
the position of the hyoid bone is caudal or is 
relatively caudal because of a short ramus, a large 
portion of the tongue is situated in the hypopharynx 
instead of in the oral cavity (fig. 4). During 
laryngoscopy, this large hypopharyngeal tongue 
mass further compromises the compliance needed 
for its displacement. The effects of a short man- 
dibular ramus and a caudal hyoid bone explain the 
difficult intubation in patients Nos 4 and 11, who had 
no other indicators of a difficult laryngoscopy. 
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Comparative observations 


Thyromental distance and horizontal length of the 
mandible are often used to assess the mandibular 
space and serve as a predictor for difficult laryn- 
goscopy [7]. However, when this assessment was 
applied to patients Nos 1 and 12, both of whom had 
a severely receding jaw, it contradicted the clinical 
findings: in patient No. 1, who had an unusually 
long mandibulohyoid distance (45 mm), thyromental 
distance was 7.5 cm (i.e. >6cm) and horizontal 
length of the mandible was 7.5 cm (i.e. < 9 cm); in 
patient No. 12 (fig. 5), who had a relatively normal 
mandibulohyoid distance (14 mm), thyromental dist- 
ance was 5.5 cm (i.e. < 6 cm) and horizontal length 
of the mandible was 7.8cm (i.e. <9cm), but 
intubation was not difficult. 

These findings may be explained as follows. First, 
thyromental distance, which is measured obliquely, 
is greatly affected by the vertical mandibulohyoid 
distance; patients in whom the mandibulohyoid 
distance is long tend also to have a long thyromental 
distance (patient No. 1). 

Second, the micrognathic mandible, which may be 
deficient in width and length in both the body and the 
ramus, manifests clinically as a receding jaw, a short 
ramus, or both [8]. Although micrognathic patients 
often present difficulty in intubation, a short ramus 
may be a more important contributing factor than a 
receding jaw (for example, in patient No. 12, who 
had a relatively normal ramus, intubation was not 
difficult in spite of a severely receding jaw). 

Unlike a receding jaw, a short mandibular ramus is 
a more subtle physical feature, and difficult in- 
tubation is often not suspected before anaesthesia (as 
in patient No. 4), although such a patient may be 
perceived as having low-set ears and a long neck. 

An increased distance between the mandible and 
hyoid bone was referred to by Riley and colleagues 
[9] as “long MP-H”’, indicating a possibly inferiorly 
positioned hyoid bone. These authors described its 
role in cephalometric analysis for evaluating the 
obstructive sleep apnoea syndrome. Although the 
measurement was made differently from ours, it 
probably signified the presence of a similar ana- 
tomical deficiency (short mandibular ramus, caudal 
hyoid bone, or both), which results in difficult 
intubation. 


In summary, difficult laryngoscopy is caused by 
complex dynamic interaction of many anatomical 
factors which aggravate or compensate for each 
other. If a favourable anatomical factor (such as an 
edentulous condition) exists, even an unusually long 
mandibulohyoid distance may not result in difficult 
laryngoscopy. However, a normal ramus or hyoid 
bone does not preclude difficult intubation if other 
unfavourable anatomical features are present (as in 
patient No. 5). 

Preoperative examination is needed to quantify 
the combined effects of all unfavourable factors, 
including the short mandibular ramus and caudal 
larynx we have described. The mandible and hyoid 
bone are easily identified anatomical landmarks at 
radiological or physical examination. A long MH 
distance may be an additional clinical indicator for 
anticipating difficult intubation. 
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PERIOPERATIVE MONITORING WITH PULSE OXIMETRY AND 
LATE POSTOPERATIVE COGNITIVE DYSFUNCTION 


F 
K. E 
S. H. JOHANSEN 


SUMMARY 


In a randomized, blinded clinical study, we have 
used objective and subjective measures to de- 
termine if perioperative monitoring with pulse 
oximetry—by virtue of its potential to lessen 
hypoxaemia—would decrease late postoperative 
cognitive dysfunction. We investigated 736 adult 
patients undergoing elective procedures (other than 
cardiac, neurosurgical or for cancer) under regional 
or general anaesthesia, allocated randomly to 
undergo (group |) or not to undergo (group ll) 
pulse oximetry monitoring in the operating theatre 
and recovery room. Cognitive function was evalu- 
ated using the Wechsler memory scale (WMS) and 
continuous reaction time (RT) test the day before 
surgery, and on the 7th day after operation or at 
discharge if that occurred before postoperative 
day 7. A questionnaire sent 6 weeks after surgery 
elicited patients’ subjective perceptions regarding 
cognitive abilities. There were no significant dif- 
ferences between the two groups in either the total 
WMS score, the score for each WMS subtests or RT 
test. The questionnaire revealed that 7% in group | 
and 17% in group lI believed cognitive abilities had 
decreased (ns). For the 40 patients whose WMS 
scores were 10 points less after than before 
operation, a follow-up study was undertaken 
3 months after surgery. At that time, the median 
WMS score had returned to the preoperative value. 
We conclude that, for these 736 patients, subjective 
and objective measures did not indicate less 
postoperative cognitive impairment after peri- 
operative monitoring with pulse oximetry. (Br. J. 
Anaesth. 1993; 71: 340-347) 


KEY WORDS 
Complications: hypoxaemia. Memory. 


Postoperative cognitive dysfunction has been re- 
ported even after non-cardiac and non-neurosurgical 
operations and anaesthesia [l-5]. Perioperative 
hypoxaemia has been suggested as a major risk factor 
leading to postoperative cognitive dysfunction 
[3, 6-10]. Impaired cognitive functions range from 
momentary postoperative confusion and delirium 
[8-10] to permanent brain damage [3, 6, 7]. In a few 
studies, postoperative patients were examined with 
neuropsychological tests [9,10] and the role of 
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hypoxaemia was considered, as mild to moderate 
hypoxaemia is associated with cognitive dysfunction 
[11-14]. Recent studies have suggested that hypox- 
aemia in the operating theatre and recovery room is 
common [15-17], and that monitoring with pulse 
oximetry would make possible early diagnosis and 
treatment and thus reduce markedly the incidence 
and severity of this condition [18-20]. We postulated 
that perioperative monitoring with pulse oximetry 
should reduce the incidence or severity of peri- 
operative cognitive dysfunction. In our recent, 
randomized evaluation of pulse oximetry in 20802 
patients, we found no association between the rate of 
postoperative neurological complications and the use 
of pulse oximetry [21,22]. However, because we 
searched only for protracted confusion, stroke and 
coma, more subtle and diffuse cognitive effects would 
have been missed. In this randomized study using 
objective and subjective measures, we have assessed 
any possible relationship between the use of pulse 
oximetry and late postoperative cognitive dysfunc- 
thon. 


PATIENTS AND METHODS 


Because’ pulse oximetry was not widely used in 
Denmark at the time of the study, a controlled, 
randomized trial seemed to be an appropriate step in 
assessing the effect of this monitoring technique on 
anaesthesia care. The study was approved by the 
Regional Ethics Committee for Copenhagen and 
Esbjerg, and patients gave informed consent. The 
study was carried out during 15 consecutive months 
at two major Danish hospitals, one of which was a 
University hospital. 

The patients were 18 yr or older, admitted for 
elective surgery requiring general, spinal or extra- 
dural anaesthesia expected to last more than 20 min. 
We excluded outpatients and patients undergoing 
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neurological, cardiac or cancer operations. Patients 
with suspected or confirmed cancer were excluded 
because a pilot study of 100 subjects indicated a 
confounding psychological difference between 
patients with cancer and those without cancer 
[Moller JT, unpublished data, 1988]. The need for 
reoperation was another exclusion criterion. 

Patients were allocated to an operating theatre the 
day before surgery according to the department’s 
routine, after which time pulse oximeters were 
allocated randomly to 50% of those theatres. A 
sealed envelope contained the daily random 
assignment and was not opened until the patients had 
been allocated to an operating theatre. The random 
assignment of an individual patient to receive 
monitoring with pulse oximetry (group I) or not 
(group II) could not be changed by moving the 
patient to another OT. Every day, as many as four 
patients from each surgical department were chosen 
randomly to undergo cognitive testing. The patients 
selected for study alternated between the surgical 
specialties according to a predetermined rotation 
schedule known only by the investigators. The 
physicians allocating patients to the operating 
theatres did not know which patients would undergo 
cognitive testing. 


Cognitive testing 

Cognitive testing consisted of administration of 
the Wechsler memory scale (WMS) [23] and con- 
tinuous reaction time (RT) test the day before 
operation (WMS I and RT I) and, after operation, 
on the 7th postoperative day or on the day of 
discharge from the hospital if that occurred before 
postoperative day 7 (WMS II and RT II). The tests 
were administered by specially trained nurses who 
were unaware of the random allocation of pulse 
oximetry monitoring. The WMS requires approxi- 
mately 45 min to administer, and consists of a series 
of eight subtests of attention and memory, including 
personal and current information, orientation, 
mental control, logical memory, memory span, visual 
reproduction and associated learning [23]. It is 
available in two versions; both are standardized and 
contain the same number and kinds of subtests. As a 
check on reliability of the standardization, we used 
the two versions in random order for each patient. 
The WMS is perhaps the most widely used and 
acknowledged test of memory function. 

The RT test requires approximately 8 min to 
complete and was administered with a computer 
(Olivetti M24) with specially designed software 
(developed by B. Fries, medical technician, T. Kann, 
medical engineer, I. Svennild, Ph.D., psychologist, 


and J. T. Moller, M.D.). Patients were asked to 
respond to a series of 100 light flashes by pushing a 
button as quickly as possible with the dominant 
hand. The flashes occurred without warning every 
l-8 s. A learning session using 25 light flashes 
familiarized the patient with the procedure before 
actual testing. 

Patients were asked also to evaluate subjectively if 
their cognitive abilities had changed since surgery: a 
short questionnaire sent by mail 6 weeks after 
surgery elicited details of mood, memory and the 
ability to concentrate. 

To study the influence of time on cognitive 
dysfunction following anaesthesia, we also studied a 
subsample of patients. All patients whose WMS 
score decreased by 10 points or more (total WMS 
score 93; median approximately 63) after operation 
were asked to participate in a new test 3 months later 

““cases’’). For each of these patients, a control 
patient was selected randomly from all study patients 
(monitored and not-monitored), without regard for 
WMS scores. For each patient, the version of WMS 
used before operation was used for the 3-month 
follow-up. 


Monitoring and anaesthesia 


In group I, pulse oximetry was begun just before 
induction of anaesthesia and continued until dis- 
charge of the patient from the recovery room. Two 
different pulse oximeters were used : an Ohmeda 3700 
at one hospital and a Radiometer OXI at the other. 
A finger probe was used in all instances. All 
personnel were instructed to maintain oxyhaemo- 
globin saturation (Spp,) equal or greater than 93% 
in group I. Any reading less than this required 
intervention. Exceptions to this policy could be 
sanctioned only by the anaesthetist in charge of the 
individual patient. In group II, patients were not 
monitored by pulse oximetry at any time. Other 
operating theatre monitoring consisted of continuous 
electrocardiography, measurement of arterial press- 
ure at least every 5 min and, when warranted by the 
type of surgery or the patient’s physical condition, 
measurement of central venous pressure. In the 
recovery room, arterial pressure, heart rate and 
ventilatory frequency were measured at least every 
15 min; when indicated, electrocardiogram and cen- 
tral venous pressure were monitored continuously. 

The preoperative visit, premedication, anaesthetic 
regimen, postoperative observation and other 
anaesthesia- and recovery-related care followed the 
routine guidelines of each hospital. Each patient’s 
physician, unaware of the patient’s possible 
allocation to oximetry monitoring, planned the 


TABLE I. Patient data and duration of surgery. Group I: Monitored with pulse oximeter; group II: no pulse oximeter 
monitoring. * Significantly uneven distribution (P < 0.05) 


Group I (n = 358) 


Mean Median 


Age (yr) 52.2 56 
Weight (kg) 74.2 73* 
Height (cm) 169.6 168 


Duration of surgery (min) 88.0 90 


Group II (n = 378) 


Range Mean Median Range 
18-81 52.3 55 18-82 
40-136 71.6 7 45-115 
147-193 169.4 169 135-192 
20-320 89.0 88 20—430 
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TABLE II. Major patient-related risk factors, type of anaesthesia and 
surgical procedures. Group I: Monitored with pulse oximeter; group 
IT: no pulse oximeter monitoring. No significant difference between 


groups 
Group I Group II 
(n = 358) (n = 378) 
No. % No % 
Risk factors 
ASA 
I 223 62.3 249 659 
II 111 31.0 110 29.1 
I 23 6.4 19 5.0 
IV l 0.3 0 0.0 
Heart disease 33 9.5 24 6.5 
Lung disease 35 9.9 28 7.5 
Anaesthesia 
General anaesthesia 
Potent inhalation 98 27.3 103 27.3 
Iv, 83 23.1 86 22.8 
Regional 163 45.5 172 45.5 
GA + regional 14 39 17 4.5 
Surgical procedure 
Eye and ENT 26 7.3 33 8.7 
Upper abdominal 15 4.2 16 4.2 
Lower abdominal 129 36.0 128 33.9 
Procedures on extremities 172 48.0 186 49.2 
Other procedures 15 4.2 16 4.2 


anaesthetic regimen as usual. For premedication, 
patients received either a benzodiazepine orally or an 
opioid i.m. before induction of anaesthesia. General 
anaesthesia was classified as either inhalation or 1.v., 
based on the primary maintenance agent used. The 
lungs of all patients were ventilated with an inspired 
oxygen concentration of at least 30%. When ap- 
plicable, residual neuromuscular block was antagon- 
ized with neostigmine 2.5 mg and atropine 1 mg i.v. 
Regional anaesthesia was either extradural or spinal 
block. Supplementary oxygen at a minimum flow of 
3 litre min~' was administered to all patients during 
regional anaesthesia and to all patients after regional 
and general anaesthesia upon admission to the 
recovery room, where analgesia consisted of i.v., i.m. 
or extradural administration of morphine. 


Data collection and analysis 


Because information is limited on cognitive dys- 
function beyond 4 days after routine anaesthesia, it 
was difficult to determine the precise number of 
patients needed for study. A sample size of 750 
patients was estimated to give a minimum power of 
90% (type II error < 0.10) to detect a difference of 
total WMS score of 3 points (5%) between the two 
groups. We used specially designed forms to collect 
data. One form was used to record descriptive 
information copied from medical and preanaesthetic 
evaluation records, such as a history of heart disease, 
hypertension or lung disease. We also noted details 
of the anaesthetic technique, the patient’s recovery 
and postoperative complications. All personnel were 
instructed to register events with hypoxaemia and 
changes in patient care as a consequence of the 
oximeter monitoring. Hypoxaemia was defined as 
SPo, < 90% or cyanosis, Pao, < 7.8 kPa or Sao, < 
90%. WMS results were recorded on a special 
WMS form; RT test results were stored on com- 


TABLE III. Median scores (ranges) on the Wechsler Memory Scale (WMS) for 358 patients who had (group I), and 378 patients who did not have (group ID), perioperative monitoring with pulse oximetry. 


*Difference calculated for each patient. None of the differences between WMS 1 and WMS IT or between the two groups was significant 


Difference 
(WMS I-WMS ID* 


(WMS ID) 


Postoperative score 


Preoperative score 
(WMS I) 


Group IT 


Group II Group I Group II Group I 


Group I 


Maximum 
score 


Subtest 


0(—1 to 2) 0(—1 to 1) 


6 (5-6) 


5 (4-5) 
8 (3-9) 


6 (5-6) 


6 (5-6) 


6 (4-6) 
5 (4-5) 
7 (2-9) 

10 (2.5-18) 


10 (6-15) 
12 (3-14) 
13 (4-20) 


Personal and current 
information 


Orientation 


0(—1 to 1) 
0 (—4 to 4) 
1 (—5 to 8) 
0 (—5 to 4) 
0(—9 to 7) 
—1(—11 to 8) 


—0.5 (—17.5 to 14.5) 


0{-—Lto 1) 
0 (—4 to 6) 
1 (—6 to 8) 
0 (—5 to 5) 
0 (—8 to 8) 
—1(—12 to 8) 


11 (4.5~18) 


10 (4-15) 


12 (3-14) 
12 (1.5~20) 


62.0 (37-81.5) 


5 (4-5) 
7 (2-9) 
10.5 (3.5~19.5) 
10 (5-14) 
11 (1-14) 
11.5 (2-20) 


5 (4-5) 
7 (3-9) 
10 (2.5-18) 
10 (6-15) 
12 (2-14) 
13 (4-21) 
62.5 (37-83) 


Mental control 
Logical memory 
Memory span 
Visual reproduction 
Associate learning 
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—1.0 (—21.5 to 16.5) 


60.5 (34-82.5) 


61.0 (39-81.5) 


93 


Total WMS score 
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TABLE IV. Scores for the Continuous Reaction Time (RT) test for 358 patients who had (group D, and 378 patients who 
dtd not have (group II), perioperative monitoring with pulse oximetry. * Difference calculated for each patient. None of the 
differences between RT I and RT II or between the two groups was significant 











Preoperative score (ms) Postoperative score (ms) Difference (ms) 
(RTD (RT ID (RT II~RT D* 
Group I Group IT Group I Group IJ Group I Group II 
10% fractile 232 228 239 234 6 6 
Median 270 273 283 277 8 9 
90% fractile 363 356 376 365 12 1] 
Mean 296 292 307 301 12 8 
100 earnen 
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Fig. 1. Distribution of differences between preoperative and postoperative total scores on the Wechsler Memory Scale 
(WMS) for 358 patients who were monitored with pulse oximetry (solid line) and for 378 patients who were not 
(dashed line). 
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puter. All data were entered into a mainframe 
computer (IBM 4361) with specially designed man- 
agement software that constructed an event history 
data base. The computer software used for statistical 
analysis included SCIBAS [24] and BMDP (BMDP 
Statistical Software, Inc., Los Angeles, CA). Patient 
data, events with hypoxaemia, changes in patient 
care and results from the questionnaire underwent 
chi-square testing or Fisher’s exact test. WMS and 
RT data were subjected first to the Mann-Whitney 
test and second, to stratification by age, weight, ASA 
physical status and type of anaesthesia. P < 0.05 was 
considered statistically significant. 


RESULTS 


Initially, we enrolled 861 patients in the study for 
preoperative cognitive testing (WMS I and RT I). 
Of these, 736 (86%) completed the postoperative 
testing (WMS II and RT IT). The other 125 patients 
(14%) did not complete the study: five needed to 
undergo a second operation, 63 refused to participate 
after the initial testing and 57 were discharged from 
hospital before postoperative testing could be admin- 
istered. These 125 eliminated patients were dis- 
tributed equally between the two groups and did not 
differ significantly from the 736 study participants in 
patient characteristics—trisk factors (including ASA 
physical status), type of anaesthesia or surgical 
procedure and frequency of postoperative complica- 
tions (10% for the total population vs 11% for the 


eliminated group (ns)). In the subsample (the case— 
control part of the study), 23 patients did not return 
for the 3-month follow-up test, 14 being in the case 
group and nine in the control group. 

The study population comprised 410 women and 
326 men, distributed equally between the two study 
groups. Although patients in group I (with oximetry) 
(n = 358) were significantly heavier than group II 
(without oximetry) (n = 378) (table I), there were no 
other differences in risk factors or type of anaesthesia 
or surgical procedure (table IT). 

During anaesthesia, hypoxaemia was diagnosed in 
7.8% of the patients in group I (with oximetry) and 
in 0.3% in group II (without oximetry) (P < 
0.00005). In the recovery room, 11.7% of patients in 
group I and 0.5% of those in group II were 
diagnosed as having experienced hypoxaemia (P < 
0.00005). The staff stated that in 24.9% of the 
patients the readings from the oximeter prompted 
one or more changes in treatment. The flow rate of 
supplementary oxygen given in the recovery room 
was significantly greater in group I, with 45 % of the 
oximeter monitored patients receiving more than 
3 litremin of oxygen, compared with 35% of 
patients in group II (P < 0.01). The proportion of 
patients discharged from the recovery room with a 
request for supplementary oxygen was 13% in 
group I and 3% in group II (P < 0.00005). 

Preoperative scores on the WMS I and RT I did 
not differ between groups (tables III, IV). Admin- 
istration of the postoperative cognitive test occurred 
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TABLE V. Subjective reports (by questionnaire) of cognitive deficits. Group I: Monitored with pulse oximeter; group IT: 
no pulse oximeter monitoring. In addition to the listed questions, the patients were asked about former problems with memory, 
concentration and irritability 
Group I Group II 
(n = 345) (n = 374) 
Main questions No. % No. % P 
After discharge from hospital and returning to your 
home have you experienced problems with recent 
memory? (i.e. what to buy when shopping, 
telephone numbers, appointments) 24 7.0 4] 11.0 0.07 
After discharge from hospital and returning to your 
home have you experienced problems with ability to 
concentrate? (i.e. when reading your newspaper, 
attention to the news in the television) 36 10.4 35 9.4 0.60 
After discharge from hospital and returning to your 
home have you experienced problems with 
irritability? (chiding about nothing, fly 
into temper for nothing) 27 7.8 42 11.2 0.12 
fication of data by age, weight, ASA physical 
20 status and type of anaesthesia did not reveal 
any statistically significant difference in cognitive 
function between groups. 
B 10 The questionnaire was returned by 97.7% of the 
5 study population 45 days after anaesthesia (median 
pa à ; value; mean 50 days, range 40-106 days) (table V). 
O For all patients, including the patients in the 
a case-control part of the study, subjective perception 
= 40 of cognitive dysfunction did not correlate with WMS 
D or RT test scores. 
5 In the subsample (the case-control part of the 
-20 study), 40 cases and 45 controls were tested 96 days 


WMS | WMS II WMS IH 


Fic. 2. Median change (ranges) in Wechsler Memory Scale 
(WMS) test scores for patients with suspected postoperative 
cognitive dysfunction (“cases”) (x, solid line) and for control 
patients (@, dashed line). “Cases” designates patients whose 
WMS scores 5 days (median values) after surgery were 10 points 
less than preoperative scores. Control patients were selected 
randomly from the remaining patients and their data represent the 
normal postoperative variation in cognitive scores. Change in 
WMS score was measured at three times: before surgery (base 
line, WMS I); 5 days (median value) after surgery (WMS IT); and 
96 days (median value) after surgery (WMS III). 


5 days after anaesthesia (median value; mean 
5.5 days, range 2-16 days); this value did not differ 
between groups. For both the total score and the 
scores for each subtest, the median difference 
between preoperative (WMS I) and postoperative 
(WMS II) memory test results did not differ 
significantly between group I and group II 
(table IIT); however, the distribution of the in- 
dividual differences in total scores on the two WMS 
tests varied widely in both study groups (fig. 1). For 
17% of the patients, total WMS II scores were 
either 10 points greater or 10 points less than the 
WMS I score—a percentage that did not differ 
significantly between the two groups (fig. 1). The 
continuous reaction times tested after operation were 
of greater duration by a few milliseconds than before 
operation, but these differences were not statistically 
Significant, nor were there significant differences 
between group I and group II (table IV). Strati- 


after anaesthesia (median value; mean 97 days, range 
65-140 days). There were no significant differences 
in the case group’s characteristics concerning moni- 
toring with or without pulse oximetry, age and type 
of anaesthesia, compared to the main study group 
(736 patients). The case group’s total median WMS 
score on the 3-month follow-up test returned to the 
preoperative value. The interindividual difference 
for the case group was within the range of the 
interindividual difference for the control group 


(fig. 2). 
DISCUSSION 


In the past 30 years, several investigators have 
examined cognitive function after anaesthesia and 
surgery [1-—3, 25-30]. More recent studies have 
concentrated on differences between the effects of 


‘general anaesthesia and those of regional anaesthesia 


[8, 31-37] and neuropsychological alteration after 
cardiac operation [28, 38, 39]. Some investigators 
have concluded that anaesthetic technique has no 
major influence on cognitive function beyond the 
first 3—4 days after operation [29-31]. Our results 
suggest that use of pulse oximetry monitoring during 
anaesthesia and in the recovery room does not affect 
cognitive outcome. 

Catastrophic hypoxaemia is a well known cause of 
brain dysfunction [6, 7, 40]. However, several neuro- 
logical studies making use of the WMS tests have 
demonstrated that mild to moderate hypoxaemia 
is also associated with cognitive dysfunctions 
[11-14, 41]. Did the patients in the present study 
experience hypoxaemia? Paradoxically, it seems as if 
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the patients in the pulse oximetry group suffered 
more hypoxaemia than the control group, in both the 
operating theatre and the recovery room. However, 
in reality hypoxaemia was discovered much more 
frequently in the pulse oximetry group and was 
treated, while in the control group it was infrequently 
detected and treated. From our previous blinded 
observational studies, we know that 75% and 95% 
of hypoxaemic episodes in the operating theatre and 
recovery room remain undiscovered [15, 17]. In the 
operating theatre 53% and in the recovery room 
55% of these patients had one or more episodes of 
mild hypoxaemia with oxyhaemoglobin saturation 
(Spo,) between 86% and 90%. Severe hypoxaemia 
with Spo, less than 81 % was observed in 20 % of the 
patients in the operating theatre and 13 % in recovery 
[15, 17]. Findings of other studies during anaesthesia 
and postoperative recovery support our results 
[16, 18, 20]. In a recent, randomized study we have 
demonstrated that monitoring with pulse oximetry 
could substantially reduce the incidence, duration 
and severity of hypoxaemia during and after 
anaesthesia [19]. In this study, the incidence of 
hypoxaemia (Spo, 81-85%) in patients monitored 
with oximetry was three to five times less than in the 
control group. In the control group 7% of the 
patients in the recovery room experienced Spo, < 
80%, while none had such decreased values in the 
oximeter group [19]. Similar observations were 
reported in other studies [18,20]. In the present 
study and in our previous reports, oximetry moni- 
toring resulted in several changes of patient care 
[21,22]. In group I (with oximetry) flow rates of 
supplementary oxygen in the recovery room were 
increased significantly and significantly more 
patients were discharged from recovery receiving 
supplementary oxygen compared with group II 
(without oximetry). Thus ample evidence points to a 
substantial difference in the incidence and severity of 
hypoxaemia in patients monitored with pulse oxi- 
metry compared with patients not monitored in the 
operating theatre and recovery room. In our study, 
this was not reflected in differences in the results of 
objective psychological tests completed by our 
patients. Perhaps the postulated effect of oximetry 
and treatment with oxygen was confounded by the 
well known fact that hypoxaemia is a common 
occurrence several days after operation—that is, at a 
time when none of our patients was monitored with 
pulse oximetry [42, 43]. 

In the present study, the difference between the 
two study groups at 6 weeks after anaesthesia 
regarding subjective perception of a cognitive 
dysfunction (problems with recent memory) 
approached, but did not reach, statistical significance 
(P = 0.07) (table V). If this difference did not arise 
by chance, it could represent a type IJ error because 
of inclusion of too few patients in the study. On the 
basis of the responses to the questionnaire, our 
probability of having a type II error is 53%. It is 
impossible to determine the probability of a type II 
error (P) for the objective test (the WMS and the RT 
test) as there was no meaningful numerical difference 
between the two groups. However, with 736 patients 
in the study, the probability of a type II error was 


less than 10% if an increase of 3 points (5 %) in the 
total WMS score of the pulse oximetry group had 
been achieved. This agrees well with the required 
minimum statistical power of 90 % established in the 
design of the trial. To test the hypothesis that non- 
catastrophic perioperative hypoxaemia affects the 
patient’s subjective perception of mental function, a 
larger group of patients than selected by us would be 
required, or we would need to apply objective tests 
to patients at special risk of hypoxaemia-induced 
cognitive dysfunction. Patients with systemic dis- 
eases (ASA physical status III or IV) or elderly 
patients already suffering cognitive dysfunction may 
be more sensitive to the putative effects of non- 
catastrophic hypoxaemia. The fact that stratification 
of data by age and ASA physical status did not reveal 
any difference between groups does not argue against 
this hypothesis, as only 7% of our study patients 
were classified ASA III or IV (table II) and only 
43% of the patients were older than 60 yr. 

The scores of individual patients varied widely 
between preoperative and postoperative tests, this 
tendency being most evident with the WMS (fig. 1). 
The decrease in the total postoperative WMS scores 
of more than 50 % of the patients was nearly equalled 
by the increase in scores of the others. Normal 
biological variation and many confounding factors 
may influence the results of postoperative cognitive 
tests. An increase in scores could have resulted from 
previous exposure to a given test and from the 
recovery from illness (the patient would be free of 
pain or less anxious). A decrease in scores could 
result from a residual or direct effect of anaesthesia; 
from sedation, intraoperative hyperventilation or 
analgesics; or from surgery itself and the hormonal 
or metabolic sequelae [3, 26, 27, 30, 37,44]. To 
reduce the influence of these confounding factors, 
our postoperative cognitive tests were administered 
at the day of discharge from hospital or at the latest 
on the 7th day after operation. The WMS was 
chosen to reduce the effects of practice, as this test 
exists in well standardized parallel forms. Further- 
more, before the first RT test, a learning session 
familiarized the patient with the procedure. Finally, 
we excluded patients with suspected or confirmed 
cancer as a consequence of our own pilot study and 
other previous reports [45, 46] suggesting that cancer 
itself is associated with cognitive disorders in 
addition to well known affective changes such as 
depression. 

Group analysis of the results may conceal im- 
portant individual variation in the case—control part 
of the study [47]. We followed the patients who had 
the greatest decrease in postoperative test scores and 
included a control group to document normal 
postoperative variation in cognitive scores (fig. 2). 
Three months after anaesthesia and surgery, the case 
group’s median WMS score had returned to the 
preoperative value. This observation is supported by 
results from other recent studies [37—-39, 44]. How- 
ever, a practice effect may have influenced the 
follow-up test. The fact that the WMS test exists in 
only two parallel forms obliged us to reuse the 
preoperative WMS form at the follow-up. We 
believe this bias did not influence the retest which 
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occurred after 3 months. This is supported by the 
fact that the control group experienced only a slight 
and insignificant improvement in test score at the 
follow-up test (WMS III) (fg. 2). 

One may speculate that application of a broader 
range of neuropsychological assessments than used 
in the present study could have detected varying 
deficits of an enduring nature. Using a broad range 
of tests, several investigators have described 
moderate to severe cognitive dysfunction lasting for 
several months after coronary bypass surgery 
[28, 38, 39]. Interestingly, several of these cognitive 
dysfunctions were detected with the WMS test 
[28, 38]. Although 9% of our total population 
thought that mental functioning had deteriorated, 
this perceived deficit was not confirmed by objective 
tests. Another study reported similar results (a 
perceived but unconfirmed cognitive deficit) 3 
months after anaesthesia [44]. This finding suggests 
that some of the widely used psychological tests may 
not be sensitive enough to detect changes in cognitive 
function reported by a patient. 

The drop-out rate of subjects in our study (14%) 
is a cause of concern, especially if the loss were 
caused by postoperative complications that could 
influence cognitive function. However, analysis of 
the patient data, risk factors, types of anaesthesia and 
surgical procedures, and preoperative cognitive test 
results revealed no significant difference between the 
study population and the patients who were elimin- 
ated from study. Most importantly, the incidence of 
postoperative complications was the same for the two 
groups, suggesting that loss of subjects did not bias 
our results. 

We believe the present study raises several 
questions that future studies should examine. What 
caused 9% of our patients to perceive that their 
memories were impaired 6 weeks after anaesthesia 
and operation? Is it possible that hypoxemia, which 
occurs commonly during the first days after 
operation [42,43], played a role in the cognitive 
impairment reported by our patients ? Future studies 
must assess the possible contribution of post- 
operative hypoxaemia to cognitive dysfunction. May 
some other objective tests of cognition confirm the 
subjective impressions reported by our patients? 
Should future studies concentrate on elderly patients 
sensitive to cognitive impairment and undergoing 
major operations under general anaesthesia? 

In summary, for our 736 patients, subjective and 
objective measures did nor indicate less late post- 
operative cognitive impairment after perioperative 
monitoring with pulse oximetry, and the 3-month 
follow-up test did not produce any objective signs of 
major cognitive dysfunction in any patient. 
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UTEROPLACENTAL AND FETAL CIRCULATION DURING 

EX TRADURAL BUPIVACAINE-ADRENALINE AND 
BUPIVACAINE FOR CAESAREAN SECTION IN HYPERTENSIVE 
PREGNANCIES WITH CHRONIC FETAL ASPHYXIA 


S. ALAHUHTA, J. RASANEN, P. JOUPPILA, R. JOUPPILA AND 


A. I. HOLLMEN 


SUMMARY 


We have studied the effects of an extradural block 
during Caesarean section using either bupivacaine 
plain or with adrenaline 85-100 ug on blood 
velocity waveforms of maternal uterine and 
placental arcuate arteries and fetal umbilical, renal 
and middle cerebral arteries, in 20 hypertensive 
parturients with chronic fetal asphyxia. Fetal myo- 
cardial function was investigated at the same time 
by M-mode echocardiography. Extradural anaes- 
thesia resulted in a significant decrease in maternal 
mean systolic and diastolic arterial pressures in both 
groups, but this was more marked after plain 
bupivacaine. There were no significant differences 
in any of the Doppler recordings relative to baseline 
values after plain bupivacaine, but after bupivacaine 
with adrenaline there were significantly increased 
blood flow velocity indices for the maternal uterine 
and placental arcuate arteries and significantly 
decreased indices in the fetal renal and middle 
cerebral arteries. Neonatal outcome as evaluated by 
Apgar scores and acid-base values in the umbilical 
cord were similar in the two groups. The results 
suggest that adrenaline added to the solution of 
bupivacaine increased vascular resistance in the 
uteroplacental circulation, indicating impaired 
blood flow. (Br. J. Anaesth. 1993; 71: 348-353) 
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Most obstetric anaesthetists regard extradural an- 
aesthesia as the method of choice for Caesarean 
section in hypertensive disorders of pregnancy [1]. 
Unlike general anaesthesia, it provides a stable 
maternal haemodynamic state in severely toxaemic 
parturients [2] and pain relief may be accomplished 
easily after operation, either with extradural local 
anaesthetics or, preferably, by combining these with 
opioids [3]. 

The Dupplex ultrasonic method, combining real- 
time and Doppler techniques and using a colour flow 
system, allows detailed examination of maternal and 
fetal haemodynamics. We have used this method 
recently and found that extradural anaesthesia with 


either bupivacaine or bupivacaine combined with 
adrenaline for Caesarean section did not cause 
marked changes in the uteroplacental or fetal 
circulation of normotensive mothers with a non- 
asphyxiated fetus [4, 5]. In the present study we have 
performed a similar investigation in hypertensive 
parturients with chronic fetal asphyxia. 


PATIENTS AND METHODS 


After obtaining approval from the local Ethics 
Committee and informed consent, we studied 23 
parturients in gestational weeks 28~36 undergoing 
Caesarean section under extradural anaesthesia. 
None of the patients was in labour. Inclusion criteria 
were gestational hypertension and chronic fetal 
asphyxia as indicated by increased blood flow 
velocity waveform indices for the umbilical artery, 
greater than 2 sp of our normal material in repeated 
examinations. Exclusion criteria were multiple ges- 
tation, other maternal medical complications except 
for hypertension or pre-eclampsia and standard 
contraindications to extradural anaesthesia. 

Each subject received 0.3-mol litre? sodium 
citrate 30 ml orally. An extradural catheter was 
inserted at the L2-3 or L3— interspace with the 
patient in the left lateral position, using an 18-gauge 
needle and loss of resistance to air. The patient was 
placed in the supine position with a wedge under the 
right hip after the catheter had been advanced 3 cm 
cephalad into the extradural space. All the patients 
received oxygen 3 litre min`! via nasal cannulae 
throughout; ECG was monitored continuously and 
maternal arterial pressures and heart rate were 
recorded every 5 min using automated, non-invasive 
equipment. Mean maternal heart rate and arterial 
pressures were calculated for four periods: from 
entry into the operating theatre to the test dose; 
during establishment of the extradural anaesthesia; 
during the second ultrasound recording; and from 
its completion to the delivery. 

Subjects were allocated randomly by means of 
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sealed envelopes, to receive either 0.5% bupivacaine 
with adrenaline 1:200000 or 0.5% bupivacaine 
plain. Only the anaesthetist (S.A.) performing the 
blocks knew which solution was used. An initial test 
dose of 3 ml was followed by incremental doses of 
the same solution until a block up to T4 was obtained 
as assessed by pinprick. If the sensory block was 
below T4 after bupivacaine-adrenaline 20 ml, 
additional doses of 0.5% plain bupivacaine were 
given. Preloading was accomplished by infusing 1 
litre of balanced electrolyte solution i.v. During the 
second Doppler recording and subsequently, fluid 
administration was titrated according to the maternal 
haemodynamic responses and to maintain urine 
output. A reduction in systolic arterial pressure of 
more than 20% relative to control or a systolic 
arterial pressure less than 110 mm Hg was treated by 
increasing the infusion. If this was ineffective, 
ephedrine 5 mg i.v. was administered. 

Ultrasound measurement of uteroplacental and 
fetal haemodynamic variables were performed by the 
same obstetrician (J.R.) on two occasions: after 
insertion of the extradural catheter and before 
injection of the local anaesthetic (control values), and 
when sensory analgesia had reached the T4 level. 
Each patient provided her own baseline readings. All 
the recordings were made with the subject in the left 
semi-lateral position during periods of fetal rest and 
apnoea. The equipment and methodology used have 
been described previously [4]. Briefly, a colour flow 
mapping system with a 3.75-MHz, pulsed-wave 
Doppler sector transducer (Toshiba, model SSA- 
270A) was used to obtain blood flow velocity 
waveforms for the maternal uterine artery (main 
branch on the placental side of the uterus), the 
placental arcuate artery and the fetal umbilical, 
middle cerebral and renal arteries, using the average 
of three waveforms. Arterial resistance was expressed 
in terms of the pulsatility index (PI), calculated 
automatically and defined as the difference between 
the peak systolic and end-diastolic values divided by 
the averaged maximum flow velocity of the cycle. 
M-mode echocardiographic examination of the fetal 
heart was performed using the same ultrasonic 
scanner and probe. The four-chamber view of the 
fetal heart was imaged at the level of the inflow 
tracts. The end-systolic and end-diastolic inner 
diameters of the ventricles were recorded from the 
M-mode image and used to calculate the fractional 
and mean circumferential shortening of the myo- 
cardium [6]. The inner end-diastolic diameters were 
used to determine the size of the fetal heart and the 
ventricular fractional and mean circumferential 
shortenings, to evaluate its functional properties. 
The aortic and pulmonary valves were visualized 
from the five-chamber and short axis views. Valve 
flow was ascertained by means of colour Doppler. 
The pulsed Doppler sample volume was placed just 
above the valve leaflets, and velocity waveforms were 
measured over three consecutive cardiac cycles and 
averaged. Recordings with an angle larger than 5° 
between the transducer beam and the pulmonary 
trunk and aorta were rejected. 

Blood samples after delivery of the infant were 
obtained from a double-clamped umbilical cord vein 


and artery for measurement of acid-base status. 
Apgar scores were allocated by a paediatrician who 
was unaware of the local anaesthetic used. 

Statistical comparisons between the groups were 
performed using two-sample t tests and those within 
the groups by the two-tailed ż test for paired data. 
P<0.05 was accepted as statistically significant. 
Values are expressed as mean (SD). 


RESULTS 


Three patients were excluded from analysis because 
of normal umbilical artery PI values in the control 
measurement. In the remaining 20 subjects, PI for 


TABLE I. Maternal characteristics (mean (range or SD)) 


Bupivacaine— 
Bupivacaine adrenaline 
(n = 10) (n = 10) 
Age (yr) 32.4 (21-44) 32.6 (22-40) 
Weight (kg) 66 (5.7) 65.3 (5.5) 
Height (cm) 161.7 (4.4) 162.5 (4.7) 
Gestational 33.7 (2.7) 32 (3.1) 
weeks (wk) 
Parity 
Primiparae 5 5 
Multiparae 5 5 
Labetalol 6 T 
therapy 
90 
80 
‘5 70 
E 
3 
~ 60 
oc 
ma 
50 
1 2 3 4 


AP (mm Hg) 





Fic. 1. Mean (SD) maternal heart rate (HR) and arterial pressure 

(AP) before extradural anaesthesia (1), during its establishment 

(2), during the second ultrasound measurement (3), and after it 

up to delivery (4). @ = Bupivacaine with adrenaline; W = plain 

bupivacaine, Significant differences from control: *P < 0.05; 
**kP < 0.001. 


350 


BRITISH JOURNAL OF ANAESTHESIA 


TABLE II. Mean (sp) fetal heart rate and blood velocity waveform indices (pulsatility index) for the maternal uterine, 
placental arcuate and fetal umbilical, middle cerebral and renal arteries before and after extradural anaesthesia with 
bupivacaine—adrenaline and plain bupivacaine 








Bupivacaine—adrenaline Bupivacaine 
Before After Before After 
extradural extradural P extradural extradural P 
Fetal heart rate 136 (6.3) 129 (7.8) 0.072 138 (10.8) 134 (9.3) 0.188 
(beat min“) 

Pulsatility index 

Uterine artery 1.20 (0.36) 1.52 (0.55) 0.003 1.34 (0.35) 1.48 (0.45) 0.121 

Arcuate artery 0.56 (0.11) 0.66 (0.11) 0.005 0.76 (0.25) 0.78 (0.21) 0.791 

Umbilical artery 2.14 (1.38) 2.02 (1.67) 0.324 2.15 (1.50) 1.81 (0.66) 0.346 

Middle cerebral 1.60 (0.47) 1.38 (0.39) 0.029 1.40 (0.44) 1.41 (0.43) 0.881 

artery 
Renal artery 2.67 (0.46) 2.11 (0.54) 0.037 2.26 (0.50) 2.25 (0.39) 0.936 





TABLE III. Changes in fetal myocardial contractility and ventricular sizes (mean (SD)) before and after extradural 


anaesthesia with bupivacaine—adrenaline and plain bupivacaine. IDD = inner end-diastolic dimensions 


Bupivacaine—adrenaline Bupivacaine 
Before After Before After 
extradural extradural P extradural extradural P 
Left ventricle 
Fractional 34.2 (4.3) 33.4 (3.7) 0.373 31.3 (4.9) 31.9 (2.9) 0.526 
shortening (%) 
Mean circumferential 1.34 (0.21) 1.25 (0.20) 0.203 1.31 (0.20) 1.27 (0.21) 0.349 
shortening 
(circ 371) 
IDD (mm) 12.2 (2.7) 12.6 (2.8) 0.241 13.8 (1.8) 13.9 (1.8) 0.808 
Right ventricle 
Fractional 28.0 (5.5) 27.3 (3.5) 0.717 28.6 (4.7) 28.0 (5.4) 0.616 
shortening (%) 
Mean circumferential 1.06 (0.19) 1.00 (0.13) 0.358 1.20 (0.21) 1.12 (0.28) 0.292 
shortening 
(circ s7}) 
IDD (mm) 14.4 (3.4) 13.8 (3.0) 0.097 15.5 (1.9) 15.2 (2.2) 0.589 
Pulmonary trunk 
Systolic peak 68.6 (12.5) 63.9 (7.3) 0.201 67.3 (12.4) 67.4 (12.2) 0.948 
velocity (cm 87?) 
Ascending aorta 
Systolic peak 76.1 (13.4) 79.0 (8.7) 0.460 82.6 (15.2) 82.2 (15.2) 0.893 


velocity (cm $7*) 


the umbilical artery was >2SD greater than the 
norma! range or had absent or reverse end-diastolic 
flow in repeated measurements. These 20 patients 
were divided equally between the groups. The 
bupivacaine-adrenaline group comprised seven 
patients with pre-eclampsia, one with chronic 
hypertension and two with gestational hypertension 
(one of whom was proteinuric). Of the patients 
receiving plain bupivacaine, six were diagnosed as 
having pre-eclampsia and four as having gestational 
hypertension without proteinuria [7]. Hypertension 
was defined as two consecutive measurements, 4h 
apart of a diastolic arterial pressure exceeding 
90 mm Hg. The five pregnancies with pre-eclampsia 
in each group were severe, as demonstrated by a 
diastolic arterial pressure of 110 mm Hg or more on 
at least two occasions 6 h apart and proteinuria of at 
least 5 g/24 h. There were no significant differences 
in mean age, weight and height of the parturients or 
gestational weeks between the two groups (table I). 

The dose of adrenaline administered with extra- 
dural bupivacaine varied between 85 ug and 100 pg, 
except for one patient to whom 150 ug was given in 


error. Mean doses of bupivacaine were 23.8 (3.4) ml 
and 24.6 (7.3) ml in the plain and bupivacaine- 
adrenaline groups, respectively. 

Mean maternal heart rate remained stable 
throughout in both groups, but extradural anaes- 
thesia resulted in significant decreases in mean 
maternal systolic and diastolic arterial pressures in 
the bupivacaine~adrenaline group. A similar change 
was observed in the patients receiving plain bupiv- 
acaine, but the decrease was more marked, being 
significant even during institution of the block and 
after the second Doppler examination while, after 
bupivacaine—adrenaline, mean maternal systolic and 
diastolic arterial pressures returned towards baseline 
values at the beginning of surgery (fig. 1). The 
decrease in maternal arterial pressures was easily 
controlled and no patient exhibited profound 
hypotension. No vasopressors were needed and all 
the parturients had an uneventful postpartum re- 
covery. 

‘There were no significant differences in any of the 
PI values relative to baseline after plain bupivacaine, 
whereas the mean maternal uterine and arcuate PI 


MS 
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TABLE IV. Neonatal characteristics (mean (SD)) 





Bupivacaine— 





Bupivacaine adrenaline 
Neonatal 1698 (508) 1394 (599) 
weight (g) 
Umbilical 7.27 (0.03) 7.28 (0.03) 
arterial pH 
Umbilical 7.31 (0.03) 7.34 (0.03) 
venous pH 
Apgar scores 
I min <7 0 | 
5 min <7 l 0 


values increased significantly in those who received 
bupivacaine-adrenaline. The mean PI of the fetal 
renal and middle cerebral arteries decreased sig- 
nificantly after bupivacaine—adrenaline (table IT). 
There were no significant differences relative to 
control in either the fetal myocardial measurements 
or the systolic peak velocities of the pulmonary trunk 
and ascending aorta in both groups (table III). The 
fetal heart rate was not affected by administration of 
local anaesthetic. 

Five parturients with breech presentation were 
given general anaesthesia with inhalation anaes- 
thetics in addition to extradural anaesthesia at the 
obstetrician’s request, to facilitate delivery by in- 
ducing uterine relaxation. The perinatal data in these 
babies were excluded. 

The mean birthweights of the neonates were 1698 
(508) g and 1394 (599) g in the plain bupivacaine and 
bupivacaine—adrenaline groups, respectively. The 
mean pH values in the umbilical arterial and venous 
blood were 7.27 (range 7.22—-7.31) and 7.31 (range 
7.26-7.36) after plain bupivacaine, and 7.28 (range 
7.24-7.31) and 7.34 (range 7.30-7.39) after 
bupivacaine—adrenaline. One neonate in the bupiv- 
acaine—adrenaline group at 1 min, and one in the 
plain bupivacaine group at 5 min had Apgar scores 
less than 7. There were no significant differences in 
neonatal characteristics between the groups (table 
IV). All the infants were transferred to the neonatal 
intensive care unit after birth. Two of those in the 
bupivacaine—adrenaline group (birthweights 830 g 
and 660g) died because of respiratory distress 
syndrome on the 4th day postpartum; these deaths 
were not attributable to anaesthesia. 


DISCUSSION 


We have found that, when hypertensive pregnancy is 
complicated by chronic fetal asphyxia reflected as 
high umbilical vascular resistance, adrenaline com- 
bined with bupivacaine further increased Doppler 
velocity indices in the maternal uterine and placental 
arcuate arteries. This indicates increased resistance 
and impaired uteroplacental blood flow [8]. Our 
results are in agreement with those of Rosenfeld, 
Barton and Meschia, who demonstrated a reduction 
in total uterine blood flow in spite of an unaltered 
mean arterial pressure in the pregnant ewe during a 
slow, constant infusion of adrenaline [9]. In the 
present study, maternal mean arterial pressures 
decreased significantly after extradural bupiv- 
acaine-adrenaline, but no major hypotensive 


episodes occurred. Thus no real decrease in utero- 
placental perfusion as a result of a reduction in 
maternal arterial pressure seems likely. 

Although the parturients represented various 
manifestations of gestational hypertensive disorders, 
they were comparable in that all the fetuses were 
suffering from chronic asphyxia as demonstrated by 
increased blood flow velocity waveform indices for 
the umbilical artery. In spite of fetal distress and a 
reduction in uteroplacental blood flow induced by 
adrenaline, there were no significant changes in 
Doppler measurements from the fetal umbilical 
artery. Animal experiments suggest that the healthy 
fetus has a wide safety margin with respect to 
uteroplacental haemodynamic disturbances [10]. 
This safety margin may not exist, however, for the 
growth-retarded, chronically asphyxiated human 
fetus, and even a minimal reduction in uteroplacental 
perfusion may be deleterious to a compromised 
fetus, although such a relationship was not demon- 
strated in the present trial. The fetal cardiovascular 
response to hypoxia is blood flow redistribution to 
the central organs, which is reflected in decreased 
vascular resistance in the fetal middle cerebral artery 
[11]. Our observed decrease after bupivacaine— 
adrenaline was unlikely to have been a result of 
hypoxia, as the vascular resistance also diminished 
in the fetal renal artery, which reflects peripheral 
resistance. Although adrenaline with either ligno- 
caine [12] or bupivacaine [5] does not have any 
influence on umbilical vascular resistance or the fetal 
circulation in healthy term gravidae, a reduced 
activity of the catecholamine-metabolizing enzymes, 
monoamine oxidase [13] and catechol-O-methyl 
transferase [14], observed in the placenta of patients 
with chronic hypertension and toxaemia could lead 
to an increased passage of adrenaline from mother to 
fetus and account for these changes in the fetal 
vessels. 

Local anaesthetics containing adrenaline have 
been used previously in hypertensive disorders of 
pregnancy. Heller and Goodman were the first to 
describe patients with pre-eclampsia in whom a local 
anaesthetic with adrenaline was used for both labour 
analgesia and Caesarean section [15, 16]. None of the 
cases showed a maternal hypertensive reaction or 
fetal distress or adverse neonatal effects as judged by 
continuous fetal heart rate monitoring and Apgar 
scores. In addition, Dror and colleagues admin- 
istered 40 ug of adrenaline with lignocaine for labour 
analgesia to mildly pre-eclamptic patients and noted 
no maternal hypertension [17]; on the contrary, 
arterial pressures declined after lignocaine- 
adrenaline. The authors of these articles postulated 
that adrenaline absorbed slowly from the extradural 
space induces primarily beta,-adrenergic vaso- 
dilatation and a decrease in mean systolic and 
diastolic arterial pressures—the same effect as 
demonstrated in non-pregnant volunteers [18]. In 
contrast, we have found that hypotension was less 
marked with bupivacaine—adrenaline than with the 
plain solution. Adrenaline increases systolic arterial 
pressure more than diastolic [19], as also observed 
here as a less marked decrease in mean systolic 
arterial pressures. 
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The relationship between maternal, uteroplacental 
and fetal haemodynamic responses and adrenaline is 
confounded by our finding that seven of 10 patients 
in the bupivacaine—adrenaline group were receiving 
oral labetalol, which selectively blocks alpha,- 
adrenoceptors and non-selectively blocks beta,- and 
beta,-adrenoceptors [20]. The ratio between its 
alpha- and beta-blocking effects is estimated to be 
1:3 with oral administration. Labetalol does not 
seem to alter uteroplacental and fetal haemo- 
dynamics after i.v. administration in pre-eclamptic 
mothers [21], and it produces only minor degrees 
of fetal adrenergic block in the pregnant ewe [22], 
although it crosses the placenta easily. Labetalol 
therapy does not seem to prevent the effects of 
adrenaline on the uteroplacental and fetal circulation 
observed here. 

Our finding of controllable hypotension after 
extradural bupivacaine plain in hypertensive preg- 
nancies is comparable to those of previous investi- 
gations [2, 23]. Pre-eclampsia is a leading cause of 
maternal death, frequently from cerebrovascular 
accident [24], and control of hypertension may save 
lives. We found no significant changes in the Doppler 
recordings of the uteroplacental circulation after 
extradural plain bupivacaine. Previous research has 
demonstrated an increase in intervillous blood flow 
[25] and a decrease in velocity waveform indices of 
uterine and umbilical arteries during hypertensive 
disorders of pregnancy [26,27]. However, the 
patients in both these studies were in active labour, 
while ours were not. Plasma concentrations of 
catecholamines are greater in pre-eclamptic than in 
normal parturients during labour and these are 
reduced significantly after extradural analgesia [28]. 
The reduction in sympathoadrenal activity during 
labour could explain the decrease in uteroplacental 
vascular resistance, which did not occur in our non- 
labour patients. The maintenance of uteroplacental 
perfusion in our study was beneficial, as even these 
chronically distressed fetuses were not jeopardized 
by the anaesthetic technique, as confirmed also by 
blood velocity indices in the fetal circulation, which 
remained unchanged. Furthermore, there were no 
depressant effects of bupivacaine on fetal myocardial 
variables, even though relatively large doses of local 
anaesthetic were used. 
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RESPIRATORY SINUS ARRHYTHMIA: A NEW, OBJECTIVE 


SEDATION SCORE 


D. Y. WANG, C. J.D. POMFRETT AND T. E. J. HEALY 


SUMMARY 


We tested if microcomputer-based measurements 
of heart rate variability and respiratory sinus ar- 
rhythmia (RSA) could be used as the basis of an 
objective sedation score. Measurements were 
obtained in eight ICU patients before, during and 
after physiotherapy. Patients were sedated with 
propofol and alfentanil and paralysed with atra- 
curlum. Mean ECG R-R interval showed little 
variation, changing from 646.15 (Sp 203.15) ms to 
596.08 (187.75) ms and 633.98 (184.53) ms 
before, during and after physiotherapy, respectively 
(not significant). However, the degree of respiratory 
sinus arrhythmia, determined using circular stat- 
istical analysis, increased significantly, from 0.14 
(0.11) to 0.24 (0.15), during physiotherapy and 
returned to control after physiotherapy (P < 0.05). 
Changes in respiratory sinus arrhythmia may pro- 
vide an objective measurement of sedation in ICU 
patients and could form the basis of a simple 
sedation scoring system. (Br. J. Anaesth. 1993; 71: 
354—358) 


KEY WORDS 


Heart: respiratory sinus arrhythmia. Measurement techniques: 
heart rate variability, sedation. 


Cardiac beat-to-beat variability (R-R variability) is a 
non-pathological feature of most normal ECG 
records, and is especially pronounced in children 
and young adults. The most consistent feature of 
heart rate variability is respiratory sinus arrhythmia 
(RSA), in which the heart rate increases during 
inspiration and decreases during expiration, through 
a predominately parasympathetic reflex connecting 
stretch receptors in the lungs and aorta to vagal 
motor neurones innervating the heart. Wheeler and 
Watkins [1] reported that there was a reduction in 
heart rate variability in diabetic patients exhibit- 
ing autonomic neuropathy associated with vagal de- 
nervation of the heart. Subsequent reports [2—4] 
confirmed that heart rate variability could be used as 
a clinical test in the diagnosis of diabetic peripheral 
neuropathy. Donchin, Feld and Porges [5] used an 
off-line technique to observe changes in RSA in 10 
female patients during isoflurane—nitrous oxide an- 
aesthesia, and suggested that on-line analysis of RSA 
might provide a physiological index of depth of 
anaesthesia and rate of recovery. Sakuma, Ueda and 


Kiode [6] investigated heart rate variability and the 
function of the autonomic nervous system during 
general anaesthesia in 26 patients, and further 
concluded that heart rate variability might provide 
information which could be useful for monitoring 
depth of anaesthesia. However, the previous reports 
collected data over prolonged periods, such as 
10 min, and have, therefore, had only low temporal 
resolution. This is undesirable in any putative 
indicator of anaesthetic depth. In addition, the earlier 
reports did not use real time, on-line analysis during 
anaesthesia, which would be required for a patient 
monitoring system, but depended instead on off-line 
analysis. Pomfrett and colleagues [7] reported 
changes in RSA, using on-line analysis, observed 
during general anaesthesia in 60 patients. Reductions 
in RSA during anaesthesia, together with increases 
in RSA during the recovery period, were identified. 
These results suggested that RSA, analysed on-line, 
may also be a useful indicator of depth of anaesthesia. 

The majority of patients in the ICU are sedated 
and it would be useful to have an objective 
measurement system which could identify if sedation 
is either too profound or inappropriately light. The 
ideal system would also be simple, and able to 
present sedation scores to ICU staff in real-time, as 
a result of on-line analysis. The present study was 
designed to evaluate if changes in both heart rate 
variability and RSA could form the basis of a 
monitor for assessing depth of sedation in patients 
during intensive care, in order to develop a simple, 
objective sedation score. 


PATIENTS AND METHODS 


Informed consent was obtained from ICU patients 
or relatives of patients, in accordance with a research 
proposal approved by our local Ethics Committee. 
All the patients were paralysed with atracurium 
and sedated with propofol and alfentanil, which were 
infused constantly through infusion pumps (see table 
I for dosage). Drug administration was maintained 
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Fic. 1. Derivation of indices describing respiratory sinus ar- 
rhythmia (RSA). This schematic diagram follows the structured 
design of on-line, multi-tasking software developed by CJDP. a: 

The raw ECG was digitized at 1-KHz, R-waves were discrimin- 

ated using an analog pulse trigger (threshold shown by dotted 
line) and the resulting R-wave pulses logged as events with 
timings relative to the start of each computer data file. Pulses from 
a flowmeter were also logged as events to 1 ms accuracy. Arrows 
denote the beginning of each inspiration. B: The computer 
determined the onset of each inspiration from the pattern of 
ventilatory pulses. Occasional isolated pulses (*) caused by 
mechanical movement of the flowmeter were rejected by the 
computer. The ECG R-wave event pulses were then time- 
normalized relative to the beginning of each ventilatory cycle. 
Arrow denotes the onset of inspiration, the duration of which is 
marked by the solid bar. c: Normalized ECG R-wave times were 
converted into vector co-ordinates, with a magnitude of 1 and an 
angle depending on their position in the ventilatory cycle (e.g. an 
ECG R-wave at the onset of inspiration would have an angle of 0° 
and a magnitude of 1, whereas an R-wave exactly half way through 
the ventilatory cycle would have an angle of 180° and a magnitude 
of 1). Filled bar denotes inspiration. D: Vectors were plotted 
together for successive ventilatory cycles, and a mean vector 
calculated. The mean vector length (R, shown x 10 on the figure) 
was proportional to the amount of clustering of the ECG R-waves 
relative to inspiration, and gave an indication of RSA. The mean 
vector angle (0) was also calculated. Mean angular deviation 
(MAD) was the circular analogue of a linear sp and indicates the 

distribution of vector angles about the mean vector angle. 


constant for at least 2h before the start of data 
collection and no additional doses were given before 
or during the data collection period. The patient’s 
tracheas were intubated and their lungs ventilated 
during the study. Physiotherapy was used as a 
standardized stimulation and consisted of “bag 
squeezing” (manual hyperinflation of the lungs), 
massage of the chest, suction and passive movement 
of the upper and lower limbs. The procedures were 
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performed on all the patients by the same physio- 
therapist. Data were collected continuously from 
15min before physiotherapy until 15 min after 
physiotherapy concluded. Heart rate, core tempera- 
ture and arterial Pco, were measured using standard 
ICU monitors. 

A microcomputer-based data logging system was 
used to collect ECG and respiratory data, using 
multi-tasking software developed for the study. 
Details of the equipment have been published 
elsewhere [8]. The ECG was collected using isolated 
research amplifiers (Digitimer Neurolog). A turbine- 
based flowmeter (FDE Magtrak) was introduced 
into the breathing circuit and gave a pulse train 
during inspiration. The ECG was amplified to +5 V 
peak-to-peak amplitude and then digitized to 12-bit, 
1-KHz accuracy, using a programmable laboratory 
interface (CED 1401). Ventilatory pulses were 
logged as events to 1 ms accuracy by the interface 
and both signals were uploaded to microcomputer 
(Acorn Archimedes RISC workstation) for on-line 
analysis and archiving of raw data. 

The degree of RSA was determined using a 
modified version of the mean circular resultant 
technique described for screening diabetics exhib- 
iting autonomic neuropathy [9] (fig. 1). The principal 
modification was that patients were not able to 
maintain a fixed duration of breathing cycle, and so 
successive ventilatory cycles were normalized on- 
line and in real-time by a computer program 
designed for this study. Each complete cycle of 
inspiration and expiration was normalized, so that it 
began at 0° and ended at 359°, irrespective of its 
duration. ECG R-wave times were logged as 
individual vectors within each ventilatory cycle, with 
magnitude | and angle dependent on the position in 
the cycle. For example, an ECG R-wave occurring at 
the midpoint of the ventilatory cycle would be 
represented by a vector with an angle of 180° and a 
magnitude of 1. The following variables were 
obtained (fig. 1): l 

R: the mean vector length of several vectors of the 
ECG R-waves recorded during a 30-s epoch. The 
magnitude of each mean vector describes the degree 
of clustering of the R-wave distribution within a 
ventilatory cycle, and hence the degree of RSA. The 
range of its value is from 0 to 1. 

P: the 0.05 probability level for Rayleigh’s test of 
randomness [10]. If R exceeds P, there is a significant 
increase in the amount of clustering of the ECG R- 
waves within a ventilatory cycle and, therefore, an 
increase in the degree of RSA. 

0: the mean vector angle of several vectors of ECG 
R-waves. 0 denotes the position of the mean of the 
ECG R-wave cluster within a ventilatory cycle. This 
effectively denotes the phase of RSA during ven- 
tilation. 

Mean angular deviation: this is the circular 
statistical analogue of the linear sp, and indicates the 
distribution of ECG R-wave clustering about @. 

Mean R-R interval: mean duration of R-R 
intervals in consecutive 6-s periods, which may be 
considered as the instantaneous heart rate. 

sD of the ECG R-R interval: the sp of the mean 
R-R interval has been used widely in the past as an 
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TABLE I. Patient characteristics and drug therapy (mean (range 





or SD)) 

No. of patients 8 

Age (yr) 46.8 (23-78) 
Outcome (survived /died) 6/2 

Sex (M/F) 5/3 

Body weight (kg) 75.9 (15.73) 
Propofol (mg kg~! h7!) 1.55 (0.65) 
Alfentanil (ug kg? h7?) 6.91 (1.92) 
Atracurium (mg kg? h`?) 0.79 (0.24) 


index of heart rate variability [11], and contains RSA 
as a component. It is presented in this study in order 
to provide a common reference against previous 
studies. 

All the data in the three periods (before, during 
and after physiotherapy) were compared using 
ANOVA (analysis of variance). Data files were 
copied onto an IBM AT-compatible computer and 
analysed using standard software [12]. P < 0.05 was 
considered significant. 
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RESULTS 


We studied eight patients; two subsequently died in 
the ICU and six were discharged to the wards. 
Patient characteristics and some clinical data are 
shown in table I. 

The changes in heart rate variability, derived 
parameters and haemodynamic variables are shown 
in table II. R increased significantly (P < 0.01), from 
0.14 to 0.24—an increase of 71% during the period 
of physiotherapy. Figure 2 shows the changes in R 
from a single patient during physiotherapy. Mean 
ECG R-R interval decreased slightly, from 
646.15 ms to 596.08 ms (8.0%), during physio- 
therapy (not significant). The sp of the ECG R-R 
interval increased from 29.97 ms to 79.06 ms 
(163.8%) during physiotherapy (P < 0.05) and 
returned to the initial value after physiotherapy. The 
P value of Rayleigh’s test, 8 and the mean angular 
deviation remained unchanged during physiotherapy 
(P > 0.05). 


TABLE II. Cardiovascular response and heart rate variability (mean (SD)). MAD = Mean angular deviation. 


*P < 0.05 (ANOVA) 
Before physiotherapy During physiotherapy After physiotherapy 
R 0.14 (0.11) 0.24 (0.15)* 0.15 (0.13) 
P 0.34 (0.04) 0.36 (0.03} 0.35 (0.03) 
8 (°) 172.93 (32.04) 174.11 (28.92) 175.03 (26.14) 
MAD (°) 75.01 (4.46) 70.47 (6.44)* 74.47 (5.04) 
R-R interval (ms) 644.15 (203.15) 596.08 (181.75) 633.98 (184.53) 
sp of R-R interval (ms) 29.97 (24.80) 79.06 (100.48)* 21.97 (23.43) 
Heart rate (beat min™) 93,20 (6.70) 100.30 (5.80) 94.64 (5.90) 
Mean AP (mm Hg) 97.20 (6.90) 106.90 (6.10)* 96.44 (5.30) 
MV SP EP 
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Fig. 2. ARIMA (Auto Regressive Integrated Moving Average) analysis of the circular statistical index of RSA (R 

(—-—-)) against time before, during and after physiotherapy for one patient. Upper (~—) and lower (----) 99% 

confidence intervals are shown, showing the predicted deviation from R (ARIMA R (---)) based on the behaviour of 

R before physiotherapy. R increased to significantly greater than ARIMA R during physiotherapy, and decreased back 

to the predicted, ARIMA, R value again after physiotherapy was completed. R decreased after the change to manual 

ventilation (MV) but this decrease did not exceed the 99% confidence interval for ARIMA R. SP = Start of 
physiotherapy; EP = end of physiotherapy. 
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Both heart rate and mean arterial pressure, taken 
from standard ICU monitors, increased during 
physiotherapy and returned to previous values after 
physiotherapy; changes in mean arterial pressure 
were significant (P < 0.05) but those in heart rate 
were not. No significant differences were observed 
in core temperature or arterial Pco, either 
between patients or during the course of individual 
recordings. 


DISCUSSION 


It has been suggested that the degree of sedation in 
ICU patients should be measured as routinely as 
ECG and arterial pressure [13], but there appears to 
be no objective method available. Existing scoring 
systems are based on subjective estimates of level of 
sedation, making them potentially unreliable, time- 
consuming and generally unsuitable for routine use 
in a busy ICU. 

Our data suggest that changes in heart rate 
variability and RSA during physiotherapy are related 
to changes in degree of sedation in patients in the 
ICU. The magnitude of RSA (R) increased during 
the period of physiotherapy compared with baseline 
obtained during the period before physiotherapy. 
‘This finding is similar to that reported elsewhere 
during lightening of general anaesthesia. Donchin, 
Feld and Porges [5] reported an increase in heart rate 
variability during recovery from isoflurane-nitrous 
oxide anaesthesia. Pomfrett and colleagues [7] stud- 
ied the changes in RSA in 60 patients undergoing 
elective surgery and showed an increase in RSA both 
after tracheal intubation and during recovery from 
anaesthesia. 

The changes in heart rate variability observed in 
the present study reflect an increase in activity in the 
autonomic nervous system during physiotherapy, 
although the patients were sedated with propofol and 
alfentanil and paralysed with atracurium. Yama- 
mura, Tomomasa and Furukawa [14] observed that 
halothane depressed vagal tone by up to 30% of 
control in cats and that this reduction was dose- 
dependent. The mechanism of this depression is 
affected by many factors [6], the most important of 
which is depression of the respiratory and cardio- 
vascular centres. Most anaesthetic agents depress 
activity in these centres, which leads to changes in 
breathing pattern and cardiovascular indices. When 
the vagal influence on the heart is blocked or 
attenuated during anaesthesia, heart rate variability 
tends to be reduced. This variation can be recognized 
in both anaesthetized and sedated patients. It is 
likely that arousal caused by physiotherapy results in 
an increase in brain activity, leading to an increase in 
vagal tone and changes in heart rate variability. 

We used circular statistical analysis to enable 
changes in R-R interval caused by RSA to be 
isolated from other causes. This is particularly useful 
for patients in the ICU, many of whom suffer from 
haemodynamic changes which cause arrhythmias in 
addition to RSA. In order to compare the sensitivity 
of linear and circular statistical analysis in detecting 
heart rate variability, the recordings were analysed 
using both methods. The results showed that circular 


357 


statistics were more appropriate than linear statistics 
for quantifying RSA. During physiotherapy, the 
changes in R, calculated using circular statistics, 
increased significantly, by 71%, compared with 
baseline values before physiotherapy. However, the 
mean R-R interval was only 7% shorter during 
physiotherapy than that observed before physio- 
therapy, and the change was not significant. The 
increase in sD from the mean ECG R-R interval 
during physiotherapy was 264%. This suggests that 
other, non-ventilatory factors had a substantial 
influence on the heart rate during physiotherapy. 
For example, the sp of the heart rate has been shown 
to be linked to intrinsic heart rate, affected by 
changes in average heart rate, and pre-ventricular 
contractions [15], whereas R is only minimally 
affected by pre-ventricular contractions and is not 
affected by changes in either average or intrinsic 
heart rate. 

We also observed a small, but insignificant, change 
in 0 during measurement of heart rate variability. 0 
is the mean angle of several individual ECG R-wave 
vectors and denotes the phase of RSA within the 
ventilatory cycle. During physiotherapy, 0 was 8% 
greater than baseline and remained increased after 
physiotherapy. However, the changes were not 
statistically significant. 

For use as a sedation score, the on-line trended 
record of RSA would be observed by ICU staff, 
especially preceding potentially stimulating pro- 
cedures. Significant increases in R could then be 
followed by appropriate increases in the rate of 
sedative infusion. We are currently investigating 
methods of implementing on-line monitoring of 
RSA as the basis of a sedation scoring system, and 
the results of these studies will be the subject of 
further communications. 
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PILOT STUDY OF AN EXPERT SYSTEM ADVISER FOR 
CONTROLLING GENERAL ANAESTHESIA 


S. G. GREENHOW, D. A. LINKENS AND A. J. ASBURY 


SUMMARY 


RESAC (real time expert system for advice and 
control), has been developed to advise on the 
concentration of inhaled volatile anaesthetics dur- 
ing anaesthesia. It merges clinical information and 
on-line measurements using Bayesian inference 
and fuzzy logic. This paper describes a clinical trial 
in seven patients after initial development of the 
knowledge base and the human computer interface. 
Evaluation of the performance of RESAC included 
analysis of questionnaire responses. Anaesthetists 
were confident enough to follow the dosage advice 
given by RESAC in most of the patients. (Br. J. 
Anaesth. 1993; 71: 359-365) 


KEY WORDS 
Anaesthesia: control, expert systems. 


Anaesthesia is a complex process in which the 
anaesthetist evaluates many clinical signs to form a 
judgement on the adequacy of anaesthesia. Using a 
computer to attempt this, there are two main 
problems: data logging, and combining and evalu- 
ating clinical signs. 

It is easy to collect information automatically (e.g. 
heart rate and arterial pressure) from monitors such 
as Dinamaps. Other information (e.g. sweating and 
pupil diameter) can be collected only manually and 
suitable data entry methods are necessary. Ideally, 
these should require minimal keyboard use by the 
anaesthetist, be easy to use and should check data as 
they are entered. 

The second problem, of combining the data, is 
particularly difficult because data are of different 
types, some are states (e.g. moving or not moving), 
others are continuous variables (e.g. heart rate). In 
addition, each of the variables has a different “‘ degree 
of relevance” to the concept of “adequacy of 
anaesthesia’’. It therefore requires a logical approach 
completely different from that used for the as- 
sessment of one variable, often arterial pressure 
(SAP), as the controlled variable [1]. Other 
approaches have been reviewed by Chilcoat [2]. 

Our overall objectives were to develop an expert 
system which could use on-line clinical data to give 
an estimate of the adequacy of anaesthesia, and to use 
this information to provide, automatically, on-line 
advice about the delivery of anaesthetic agents to the 
patient. The overall project required a series of trials 


over 3 years. Those trials provided information for 
the expert system knowledge database, and are not 
described in detail. This paper describes the last 
trial, comprising seven patients. In essence, we 
describe the performance of an on-line expert system 
which has had a chance to “learn” in a limited way 
about anaesthesia. Nevertheless, it remains relatively 
unsophisticated. The relevance of this paper lies 
largely in consideration of underlying concepts 
which might be used in the future. 


PATIENTS AND METHODS 


The study was approved by the Hospital Ethics 
Committee, and patients gave informed consent. 
Patients with various medical states were studied (in 
previous and present trials), so that most of the parts 
of the knowledge base could be developed. The main 
exclusion criteria related to the reliability of the 
clinical signs; patients were excluded if there was 
some pathological, physiological or pharmacological 
mechanism which disturbed the normal relationship 
between clinical signs and the usual concept of 
adequacy of anaesthesia. For example, the following 
were excluded: local anaesthetic blocks, patients 
taking beta-blocking and antihypertensive drugs, 
diabetics with neuropathy and patients with a history 
of stroke. Patients were excluded also if anaesthesia 
was likely to require knowledge beyond that available 
to RESAC. 


Anaesthetic techniques 


A variety of anaesthetic techniques (two neuro- 
muscular block, two analgesics, spontaneous or 
positive pressure ventilation, etc.) was chosen 
deliberately for this and previous trials, to provide 
information on the responses to a selection of agents, 
in order to continue building the expert system 
database. 

The basic pattern of anaesthesia was as follows. 
Premedication was with ranitidine and lorazepam 
orally 4h before anaesthesia. In the anaesthetic 
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room, preoxygenation, i.v. cannulation and an in- 
fusion of Hartmann’s solution 7 ml kg h? were 
administered. Induction was with sufficient metho- 
hexitone to suppress the eyelash reflex and tracheal 
intubation was facilitated with suxamethonium. The 
patient’s lungs were ventilated with nitrous oxide, 
oxygen and enflurane. Manual ventilation was con- 
tinued in theatre with nitrous oxide, oxygen and 
enflurane using a Mapleson A breathing system. 
Where appropriate, the patient was allowed to 
breathe spontaneously via the Mapleson A system. 

If neuromuscular block was required for surgery, 
atracurium or vecuronium was given and automatic 
ventilation of the lungs adjusted to keep the end- 
tidal carbon dioxide partial pressure in the range 
5.36.0 kPa (Normocap). A Dinamap 1846P meas- 
ured systolic arterial pressure (SAP) and heart 
rate (HR) at 1-min intervals. ECG, tidal volume and 
ventilatory frequency were monitored throughout 
the operation. Neuromuscular block was measured 
by a nerve stimulator and twitch counting by 
palpation or a Datex Relaxograph. Blood was not 
required for any of the operations and Hartmann’s 
solution was used to replace losses. 

At the end of the operation, the breathing system 
was flushed with oxygen and any residual neuro- 
muscular block was antagonized with neostigmine 
and atropine. . 

Recovery was evaluated by measuring time from 
flushing the breathing system to the patient opening 
their eyes and obeying commands. Anaesthetists 
(not the authors) were asked to evaluate the quality 
of anaesthesia on a five-point categorical scale (very 
good, good, OK, poor, very poor) on the basis of 
their clinical judgement, irrespective of the 
“opinions” of RESAC. 

All patients were visited on the day after operation 
to check for evidence of intraoperative awareness and 
evidence of dissatisfaction with the anaesthetic 
technique. 


Computer and data input 

RESAC was programmed in the language “C”. 
An Atari ST computer with 4 Mbytes of random 
access memory and 20-Mbyte hard disk was chosen 
for the laboratory development and the programs 
were transferred to another Atari ST with 1 Mbyte 
of RAM and no hard disk for operating theatre use. 
The theatre Atari was connected via the RS232 port 
to a Dinamap (1846P) and this was set to provide 
heart rate and arterial pressure information at 1-min 
intervals. When the Dinamap was not available, 
RESAC was programmed to receive SAP data from 
the keyboard. All other information was entered 
manually, when the patient was in the theatre. 
Information was requested only if RESAC needed 
information. Most data entry occurred during the 
first 10 min of the anaesthetic, when basic details 
such as age and sex were required. 

Data entry was designed to be fast, intuitive and 
require minimal keyboard use. This was achieved 
using an indirect pointer (mouse) system with a 
series of screen “‘forms’’. The numeric question was 
the only form requiring the use of the keyboard; all 
others could be used with just the mouse. Whether a 
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particular question was asked or not, and the order of 
asking, in a sequence of questions, depended upon 
the information entered up to that point. For 
instance, if the SAP was considered to be irrelevant, 
then further questions dealing with SAP would not 
be asked (see reference [3] for further details of the 
Human-Computer Interface (HCD). 


Concepts 


RESAC uses 39 data-holding variables; a rep- 
resentative group is listed in table I. In some cases 
the information has to be asked; in others the default 
suffices. Some of the variables would not be 
perceived as “‘information”’ by an anaesthetist, who 
would collect and use them unconsciously; RESAC, 
however, has to be told specifically; for example: 


RESAC has to know when surgical stimulation has 
begun, because only then, by the internal con- 
ventions of the system, do the incoming data relate to 
adequacy of anaesthesia. Similarly, in the last 5 min, 
when the dressings are being applied RESAC has to 
be told to stop maintaining anaesthesia, but that the 
operation has not yet finished. 


RESAC required data to make judgements in 
relation to the patient’s characteristics; hence weight, 
age, sex, state of health, etc., were required. Doses in 
absolute units could then be evaluated. 


RESAC had to be instructed also as to the reasonable 
physiological ranges for each patient and, within 
these, what values were ideal. For example, SAP was 
managed in terms of a target SAP, and an allowable 
variation about that target. This target and range 
were then used with the incoming SAP information 
to assign each SAP value to a band, for example 
below target: —15%; within the target: +15%; 
beyond the target: +15%. 


TABLE I. Variables used în RESAC. The names explain the 

function. Variable type = class of data (e.g. defined states (nominal) 

or on a continuous scale (ratio)) and the range. Question form = type 

of screen presentation used by RESAC (a slider on a calibrated scale, 
a simple yes/no, a multiple choice question or mumeric entry) 


Variable type 

Name of variable and range Question form 
AskoperationStarted Nominal, 2 states Yes/No 
AskIifLastPiveMin Nominal, 2 states Yes/No 
AskWeight Ratio, 0-190 Numeric 
InjectionOfMorphine Nominal, 2 states Yes/No 
AskDosageMorphine Ratio, 0-15 Numeric 
AgeOfPatient Ratio, 0-130 Numeric 
AskTheSex Nominal, 2 states Yes/No 
RelevanceOfSAP Ratio Slider 
CurrentSAP (on-line) Ratio, 0-250 None 
AskTargetSAP Ratio, 0-250 Numeric 
AskRelHR Ratio Slider 
CurrentHR (on-line) Ratio, 0-290 None 
PupilMovement Nominal, 2 states Yes/No 
PupilSize Ratio, 1-6 Numeric 
AskRelevanceSweat Nominal, 2 states Yes/No 
AskSweatState Nominal, 3 states Multiple choice 
AskPatientMoving Nominal, 3 states Multiple choice 
AskifArtificial Vent Nominal, 2 states Yes/No 
AskRelevanceResp Nominal, 2 states Yes/No 
TargetRespiration Ratio, 0-50 Numeric 
AskRespirationRate Ratio, 0-60 Numeric 


EXPERT SYSTEM ADVISER 


RESAC needed to know the extent to which 
something was relevant to the concept of adequacy of 
anaesthesia. At one extreme, this could take the form 
of evaluating ventilatory frequency as ‘‘irrelevant”’ 
when the patient’s lungs were ventilated auto- 
matically. In another case, one might decrease the 
numerical “relevance” of the patient’s sweating as 
a sign of anaesthesia because of a high room 
temperature. 


Data output 


At l-min intervals RESAC produced a text 
commentary on the perceived adequacy of anaes- 
thesia, couched in advisory terms. Warning messages 
were displayed only if variable boundaries were 
exceeded. As RESAC was tested and developed, 
computer code was added to give advisory comments 
on the concentration of enflurane based on the 
certainty values of the anaesthetic state hypothesis 
(see below). To do this, RESAC used simplified 
drug kinetics, considering a drug effect to be present 
or absent at a given instant. The anaesthetist could 
choose to use the advised settings or not. 

Individual graphs of data (e.g. SAP) or certainty 
values (see below) could be displayed at will. These 
graphs, however, could not be updated automatically 
on the screen and had to be called afresh each time, 
for the recent information to be added. In addition to 
screen displays, RESAC stored all the data on disk 
for off-line analysis. 


-Knowledge base for RESAC 


RESAC’s knowledge base used incoming nu- 
merical facts (e.g. SAP = 120 mm Hg), and in- 
coming probabilistic facts (e.g. Patient very ill = 
YES). The basic principle of the knowledge base was 
the use of predetermined rules to evaluate incoming 
facts by calculating the “‘certainty”’ associated with 
each of three hypotheses. The three hypotheses 
relating to the anaesthetic state were: “ Anaesthetic: 
Light”; “Anaesthetic: OK”; and “Anaesthetic: 
Deep”. Each of these was evaluated at l-min 
intervals by calculating a certainty factor which had 
a preset range from +500 to —500, where +500 
indicates “‘certainly true”, and —500 “‘certainly 
false”. 

The rules are represented in the “model de- 
scription language” of RESAC [4]. The system of 
rules is, in mathematical terms, an acyclic directed 
graph [5] (Appendix), which is a form of “network 
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of information”. The network contains facts at the 
intersections, and rules govern movement between 
intersections, leading eventually to the evaluation of 
the anaesthetic state hypotheses in terms of certainty 
values. 

Incoming ratio level information (e.g. SAP, HR) 
needs to be converted to ordinal level to use in the 
network. This is done by comparing the incoming 
value with a target value (e.g. the normal SAP of 120 
mm Hg) and assigning the resulting figure to preset 
bands either side of the target value. 

Probabilities are propagated throughout the net- 
work using Bayes theorem [6,7] each time the 
current state of the knowledge base is evaluated. 
Fuzzy logic [8, 9] is used in some of the rules. (Bayes 
theorem is a statistical method for dealing with 
uncertain data. Fuzzy logic provides a formal, 
linguistic-like approach to reasoning with approxi- 
mate data.) 

To help in the assessment of the RESAC’s own 
knowledge, additional off-line calculations were 
undertaken. These included the root mean square 
deviation (RMSD) of SAP and HR about their 
target values, and the calculation of the percentage of 
the operation time when a given sign was within 
10% (T10%) and within 20% (T20%) of the target. 

In preliminary trials, RESAC was tested in 47 
patients, during which the following adjustments 
were made: the relative contribution of the variables 
to the concept of adequacy of anaesthesia; correcting 
serial transmission problems; digital smoothing of 
SAP and HR. In each case, adjustments were made 
off-line and RESAC was retested on more patients. 
(The data on these development trials are not shown 
here, but were given in detail in references [4] and 


[10]. 


RESULTS 


All the patients were questioned after anaesthesia 
and none showed any evidence of awareness. 

The work detailed here comprises the study of 
seven patients (tables II, III). In general, the 
subjective ratings of this trial were satisfactory, with 
five anaesthetics being classed as “Good” or “Very 
good”, and two rated as “OK”. 

Figures 1—6 show the certainty values for each of 
the three h’),.2ses, and the HR, SAP and 
recommend” d enflurane concentration for patients 
Nos 4, 5 and 7. Note that in patient No. 4, 


TABLE II. Summary of clinical data. Drugs used: m = morphine; f = fentanyl; a = atracurium; v = vecuronium; n = no 
neuromuscular blocker used. Operation time = duration of operation as logged by RESAC 


Patient Age Weight Operation Drugs 
No. Sex (yr) (kg) Operation time (min) used 
1 M 67 59 Hydrocele repair 14 m+n 

2 M 21 69 Excision of submandibular 68 m-+a 

gland 

3 F 44 70 Varicose veins 37 m+n 

4 M 27 67 Laparotomy 48 f+a 

5 F 38 66 Cholecystectomy 41 f+a 

6 M 76 90 Inguinal hernia 20 m+n 

7 F 41 90 Laparotomy 89 m+a8 
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TABLE III. Summary of performance data. Quality = opinion of the 
anaesthetists involved in the case by clinical judgement independently 
of RESAC 





Patient Waking 
No. Quality time (min) 


l OK 7 


Comments 


Patient overdosed, SAP, HR 
both low. 

Ventilatory frequency a 
constant 12 b.p.m. 

Suggested concn of 
enflurane supplied. 

During first 36.6 min 
suggested enflurane concn 
given, except for the peak 
of 4%. After this time 
RESAC suggested concns 
always less than 1% (0% 
actually given), because of 
timer problem for duration 
of op. 

Suggested concn supplied 
except for short period at 
19.8 min, because of 
artefact in Dinamap data. 
Note: during whole 
operation the “pupils 
moving” sign was set to 
TRUB—probably a mistake. 

Suggested concn supplied. 
At start of operation non- 
directed movement 
occurred (from 3 to 4.4 
min). 

Suggested concn supplied 
throughout. 

Suggested concn given only 
after about 13.3 min. SAP 
recorded as zero for part of 
the operation. Anaesthetic 
states often “‘ambiguous”’ 
because of conflict in 
evidence. 

Suggested concn supplied 
throughout the operation. 


5 Very good 5 


7 Very good 6 
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(+) during laparotomy in patient No. 4 (a 27-yr-old male). 
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undergoing laparotomy (figs 1, 2), the certainty 
attached to the hypothesis “anaesthetic OK” 
reached a high level early in the operation and 
remained at that level, whereas in patient No. 7 also 
undergoing laparotomy (figs 3, 4), there were many 
changes of certainty. 

Comparing the certainty values with the arterial 
pressure and heart rate data gives the impression of 
a situation in which a small departure from the range 
of reasonable values leads to a large swing in certainty 
values. This is shown in figures 5 and 6, where the 
target heart rate was 70 beat min and the target 
arterial pressure was 120 mm Hg. 

In patients Nos 1, 4, 5 and 7, the anaesthetist was 
confident enough to use the advised concentration of 
enflurane, and manual adjustments were made 
promptly as advised by RESAC. In patients Nos 3 
and 6, the anaesthetist did not use the advice of 
RESAC because RESAC received incorrect infor- 
mation from the Dinamap, and in patient No. 2 the 
software timer which monitored the duration of 
operation failed because of a software error (now 
specifically identified). 

Table IV shows the off-line data analysis. The 
RMSD for HR were satisfactory, but those for SAP 
were larger than expected. The large RMSD for 
patient No. 6 was caused by an error whereby the 
Dinamap provided incorrect information. We can 
find no explanation for the large RMSD for patient 
No. 1. 

In patients Nos 3 and 4, non-numerical clinical 
signs indicated that the patients were not adequately 
anaesthetized. In patient No. 3 the “pupils moving” 
clinical sign was set to TRUE for the entire operation. 
It is likely either that this sign was set incorrectly or 
that after a period of pupil movement the sign was 
not reset. In patient No. 4, there was non-directed 
movement for a short period at the start of the 
operation. 
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female). 


DISCUSSION 


As judged by the initial objectives, we have the 
beginnings of an on-line expert system which can be 
used during an operation and which encapsulates 
some of the knowledge used by anaesthetists. When 
RESAC was used in practice, under the supervision 
of anaesthetists, the anaesthetists were confident 
enough to use its advice in four of seven patients, 
thereby effecting an advisory, on-line, closed loop 
control system. 

Beyond the initial objectives, this study demon- 
strated the wide range of information constantly 
used by the anaesthetist. While the anaesthetist 
collects and processes vast amounts of information 
effortlessly, RESAC had to be told specifically about 
each minute-by-minute change. This became ob- 
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Fic. 6. Changes in HR (O), SAP (———) and recommended 
concentrations of enflurane ((]) during anaesthesia in patient No. 
5. Target SAP 120 mm Hg; target HR 70 beat min™!. 


vious in patient No. 3 in whom the pupils were noted 
to be moving; although the pupils must have stopped 
moving, RESAC was not told and continued to 
calculate with this spurious evidence of inadequate 
anaesthesia. 

The performance of RESAC in producing ad- 
equate quality of anaesthesia seems acceptable, but 
the assessment of quality is inevitably subjective, 
and further developments will require more precise 
indices of adequacy of anaesthesia (e.g. evoked 
potentials). 

The fact that the anaesthetists were content to use 
the enflurane concentrations advised by RESAC is 
difficult to interpret because it could mean anything 
from “‘this is the only and ideal dose for this patient 
now’’, to “‘this dose is just within what I perceive as 
safe and reasonable for this patient”. In further 
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TABLE IV. Summary of on-line data for SAP and HR. RMSD = Root mean square deviation about the target value. 
T10% and T20% = percentages of operation time when a given sign was within 10% (T10%) and within 20% (T20% ) 








of target 
Mean Target 
Patient (mm Hgor (mmHgor T10% T20% 
No. beat min™!) beat min~) (%) (%) RMSD 
SAP (mm Hg) 
l 95.9 148 0 0 52.8 
2 141.9 118 3 52 25.8 
3 115.6 120 92 92 12.0 
4 113.7 121 71 100 10.6 
5 103.1 120 27 84 18.6 
6 98.6 146 0 66 64.9 
7 139.5 128 52 94 14.7 
HR (beat min™t) 
1 64.5 80 24 30 17.4 
2 81.0 70 53 76 1.3 
3 78.2 80 83 92 7.9 
4 79.2 75 73 86 9.4 
5 66.6 70 69 90 8.3 
6 68.6 80 17 9} 12.4 
7 101.2 80 3 4 21.6 


studies, the concept of appropriate dosing needs to 
be defined better, although this is a complex issue 
incorporating both dose and time factors. 

One cause of incorrect suggested enflurane con- 
centrations was artefacts from the Dinamap. The 
general problem of rejecting artefacts is a major 
concern in any computing system which takes data 
from automatic monitors. The Dinamap provides a 
small amount of help by indicating readings which 
do not match its internal checks, but in most 
monitors such internal checking is limited to con- 
firming that the readings lie within preset ranges. 
The basic problem is that, if a monitor is functioning 
in an unexpected way transiently (surgeon leaning on 
the Dinamap cuff or flushing an arterial line), the 
computer system has to be told specifically that the 
reading is an artefact. 

RESAC has no ability to predict the surgical 
stimulus, or even the end of the operation, therefore 
no anticipatory action can be taken which could 
potentially modify an advisory response. The an- 
aesthetist can often predict such responses and can 
certainly foresee the end of the operation. Such 
predictions imply that the anaesthetist should usually 
be able to achieve better recovery times than 
RESAC. It is unlikely that it will be possible for a 
machine to predict the pattern of surgical stimulation 
during normal surgery. 

RESAC is a complex program and even so can 
“understand” only a limited repertoire of anaes- 
thetic drugs, and only when they are used within a 
limited regimen which includes avoidance of hypo- 
volaemia, diabetes, etc. Furthermore the “‘under- 
standing” possessed by RESAC is limited to the 
clinical knowledge of the many anaesthetists who 
contributed to the knowledge base. Consequently, 
there are many situations which RESAC cannot 
address. Theoretically, the knowledge base could be 
expanded infinitely, but a point would soon be 
reached at which the knowledge would not be reliable 
because it dealt with rarer and smaller facets of 
anaesthesia, and would not be testable practically. 

RESAC uses targets for some information (SAP, 


HR, ventilatory frequency) and these were important 
because they guide the dosage strategy. To date, the 
target values can be based only on the experience of 
the anaesthetists; hence it is possible that RESAC 
would “‘perform”’ slightly differently for different 
anaesthetists. 

RESAC encountered a range of patient behaviour 
during pilot studies and within the limits of the trials 
succeeded in giving sensible advice on most occa- 
sions. There are still many problems, some of which 
are outlined above, but the method of using an on- 
line expert system clearly has potential. 


APPENDIX 


An acyclic directed graph is a network structure consisting of a set 
of intersections or nodes, with interconnecting arcs. Facts are 
placed at the nodes. In the process of evaluating the collection of 
facts one moves along arcs, from node to node, in the fixed 
direction determined by the rules. In some cases the fact at the 
node can be evaluated there and then, but more commonly several 
other nodes have to be evaluated to produce a concept which can 
then be evaluated. In this manner, the whole network can be 
considered, leading eventually to the answering of the posed 
question (completing the goal). 

The rules ensure that, when beginning at any arbitrary node, 
regardless of the path taken thereafter, return to the initial node is 
impossible [5]. Circular data movements must be avoided in the 
graph as they make the structure non-directed, which causes the 
program to generate computer code which cycles endlessly. 
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TOWARDS A STANDARDIZED ANAESTHETIC STATE USING 


ISOFLURANE AND MORPHINE 


H. M. ROBB, A. J. ASBURY, W. M. GRAY AND D. A. LINKENS 


SUMMARY 


In 34 patients undergoing major surgery, the 
inspired isoflurane concentration was adjusted by a 
control system designed to maintain systolic arterial 
pressure at a predetermined value. An empirical rule 
allowed additional morphine administration if the 
demand of the system for isoflurane was excessive. 
Satisfactory control of systolic arterial pressure 
was achieved in 31 patients and the anaesthetic 
state was clinically acceptable to an independent 
observer; no awareness was reported and the mean 
recovery time was 9.6 min. In these patients, control 
of systolic arterial pressure produced a pattern of 
clinical signs recognizable as general anaesthesia. 
(Br. J. Anaesth. 1993; 71: 366-369) 


KEY WORDS 
Anaesthesia: control of depth. Anaesthetics, volatile: isoflurane. 


Despite obvious shortcomings, clinical signs are the 
only practical, widely accepted method of deter- 
mining adequacy of anaesthesia. Although using 
these signs results in an acceptable anaesthetic state 
in most patients receiving general anaesthesia, be- 
cause their interpretation is subjective there is no 
clinical standard of anaesthesia against which new 
methods of assessing anaesthetic “depth” might be 
compared. 

We have shown that a simple control system 
designed to maintain systolic arterial pressure (SAP) 
at a predetermined value by adjusting the inspired 
concentration of enflurane produces a clinically 
acceptable state of anaesthesia [1]. This suggests that 
SAP is a major component in the clinical assessment 
of the anaesthetic state. 

The objective of this study was to determine if a 
clinically acceptable anaesthetic state could be 
achieved by altering isoflurane dosage to maintain 
SAP at a predetermined value. 


PATIENTS AND METHODS 


We studied 34 ASA I and II patients admitted for 
elective major gynaecological surgery. Local Ethics 
Committee approval was obtained and all patients 
gave written, informed consent. Patients with cardio- 
vascular disease and those taking drugs acting on 
the central nervous system (except sleeping tablets) 
were excluded. 

Patients were premedicated with ranitidine 150 mg 
and temazepam 10-20 mg. Anaesthesia was in- 


duced with morphine 0.1 mg kg and thiopentone 
2.5 mg kg™!. Additional thiopentone was given if the 
eyelid reflex was not abolished. Vecuronium 0.1 mg 
kg was given and the patient’s lungs ventilated 
with 70% nitrous oxide in oxygen supplemented 
with 1% isoflurane. The trachea was intubated and 
the lungs ventilated using a Bain system with a fresh 
gas flow of 70% nitrous oxide in oxygen 100 ml kg“ 
min™!. Carbon dioxide monitoring was not available 
and the fresh gas flow used was intended to maintain 
moderate hypocapnia [2]. Isoflurane was delivered 
by a Fortec 3 vaporizer (Cyprane), modified to allow 
it to be driven by computer control. Additional 
boluses of morphine were given on instruction from 
the program. Neuromuscular block was maintained 
with increments of vecuronium at 30-min intervals. 
The patients received Ringer’s lactate solution 1 litre 
over the first 1 h and 500 ml every subsequent 1 h. 
Blood loss was replaced with extra crystalloid, colloid 
or blood products as indicated. 

Anaesthetic adequacy was assessed clinically ac- 
cording to normal practice, and at 5-min intervals, 
using the PRST (arterial Pressure, heart Rate, 
Sweating, lachrymation (Tears)) score [3]. Auto- 
matic control was discontinued approximately 5 min 
from the end of surgery, and the nitrous oxide 
discontinued after the last skin suture. Any residual 
neuromuscular block was antagonized with neo- 
stigmine and glycopyrronium. Before tracheal extu- 
bation, patients who had not received additional 
morphine were given a bolus dose of 0.05 mg kg. 

Recovery was considered complete when the 
patient was able to respond to a request to open the 
eyes or protrude the tongue. 

A consultant anaesthetist, not involved with the 
study, checked that the anaesthetic dose admin- 
istered by the system was appropriate. Patients were 
interviewed the next day to establish if they had been 
aware during surgery. 

During the early part of the study, three patients 
developed bradycardia (about 50 beat min™?). These 
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incidents were managed by temporarily stopping 
surgery and injecting atrcpine. The regimen was 
modified so that any other patient developing a heart 
rate of less than 50 beat min“ during surgery would 
be given 0.2-mg increments of glycopyrronium until 
the rate was greater than 60 beat min™. 


Equipment 

The equipment and its inherent safety features 
have been described in detail elsewhere [1, 4]. In 
summary, a proportional-plus-integral (PI) control 
algorithm was implemented on a computer inter- 
faced to a Critikon 1846 Dinamap and a vaporizer 
controlier [4]. The vaporizer and controller were 
checked against a Datex Normac analyser before 
each case. The program was designed to maintain 
the patient’s SAP at a target value (TSAP), which 
was 90% of the SAP predicted from age and sex 
standardized tables [5]. SAP was measured at 1-min 
intervals and appropriate adjustments in inspired 
isoflurane concentration made automatically. The 
vaporizer setting was determined by the following 
rule: 


Isoflurane concentration (%) = K,e+K, (Q e+ Io), 


where e = difference between the actual systolic 
arterial pressure and the target systolic arterial 
pressure (SAP—TSAP); K, and K, = proportional 
and integral gains; J, =a preloaded value for the 
integral, included to shorten the stabilization time. 
The gain settings used in the earlier enflurane study 
were retained to allow comparison [1], K, being set 
to 0.1% (mm Hg)", K, to 0.01% (mm Hg)? and J, 
to [120—(age in yr)] mm Hg. The sum `e was set 
to zero at the beginning of each case, and reset to 
zero when morphine increments were given. 

Two additional rules were incorporated in the 
control algorithm: first, a minimum concentration of 
0.6 % isoflurane was delivered for the first 10 min, to 
avoid the risk of inadequate dosing and consequent 
awareness at the time of the initial surgical incision 
(if SAP was less than TSAP subsequent to in- 
duction); second, if the sum of five consecutive 
vaporizer settings exceeded 15%, the controller 
requested the anaesthetist to give an increment of 
morphine 0.05 mg kg". In addition, the integral 
term was automatically reset to its preloaded value. 
This arrangement could be activated only at 15-min 
intervals. The last rule was designed to mimic the 
anaesthetist’s response to a patient who requires 
large doses of volatile agent. 


Stattstics 


The root mean square deviation (RMSD) of the 
SAP measurements around the TSAP was used to 
assess the quality of SAP control. Calculation of the 
RMSD is analogous to that for standard deviation, 
but uses the TSAP in place of the mean. Recovery 
times were recorded, as they could indicate a relative 
anaesthetic overdose, particularly towards the end of 
the procedure. 

The requirement for additional morphine or 
anticholinergic agent was used to classify the patients 
into three groups, as described in the results section. 
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TABLE I. The surgery performed. Group A received neither 

additional morphine nor an anticholinergic agent. Group B recetved 

additional morphine alone and group C an anticholinergic agent 
aione 





Group 


Operation A B C 





Hysterectomy and salpingo-oophorectomy 13 
Ovarian cystectomy 2 
Vaginal hysterectomy, pelvic floor repair l 
Reversal of sterilization 

Bilateral salpingo-oophorectomy 


Statistical analysis was carried out with the 
Statmode package (v 1.05; SC Coleman) on an 
Amstrad PC1640 computer, running under MSDOS 
v 3.02 (Microsoft). Intergroup comparisons were 
made with a Mann-Whitney JU test (two-tailed); chi- 
square with Yates’ correction was used to assess the 
association between sweating and administration of 
anticholinergic agent. P < 0.05 was considered 
significant. 

RESULTS 


Details of the procedures are listed in table I and an 
example of the progress of automatic control is 
shown in figure 1. Adequate control of SAP was not 
achieved in one patient, despite additional morphine, 
and a breach of procedure occurred in two others: 
one did not receive an increment of morphine on 
time and the second suffered a sudden 3.5-litre blood 
loss, resulting in an SAP less than TSAP for 50 min. 
Results from these three patients were excluded 
from analysis. 

The remaining patients were classifed into groups 
on the basis of their responses under anaesthesia 
with the control system. Group A (16 patients) 
received morphine at induction only, while group B 
(five patients) required one additional dose of 
morphine. No patient required more than one dose 
of morphine. Group C (10 patients) received an 
anticholinergic agent to treat bradycardia. No patient 
who received an anticholinergic agent required 
additional morphine. 

No patient complained of awareness when ques- 
tioned after operation. The anaesthetic state was 
acceptable to the supervising independent anaes- 
thetist in all cases. This is reflected by the mean 
PRST score of 0.9. In addition, SAP (mean 118.2 
(sD 6.6) mm Hg), heart rate (mean 78.3 (10.5) beat 
min) and rate—-pressure product (mean 9246 (1326) 
mm Hg min“) were acceptable. The mean recovery 
time was 9.7 (7.8) min. All patients indicated that 
they would accept the same anaesthetic again. 

Table II summarizes the data from the three 
groups. There was no significant difference between 
the three groups in age, weight, arterial pressure 
before induction of anaesthesia, TSAP or total time 
from induction to discontinuation of the nitrous 
oxide. The means of the individual RMSD values 
for all groups were small and there was no significant 
difference between groups. The mean difference 
between TSAP and SAP was significantly greater in 
group B compared with that in the two other groups. 
Mean heart rate, rate-pressure product and inspired 
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Fic. 1. Example of the control achieved in a 50-yr-old patient undergoing an abdominal hysterectomy who was given 
additional morphine at the time indicated by the arrow. RMSD = 7.46 mm Hg. HR = Heart rate; SAP = systolic 
arterial pressure; Iso. = inspired isoflurane concentration. TSAP = target SAP. 


TABLE II. Details of anaesthesia and cardiovascular variables tn the three groups (mean (range)). TAT = Total 

anaesthesia time; ATPR = time from end of anaesthetic to patient response; TSAP = target systolic arterial pressure; 

SAP = mean measured systolic arterial pressure; RMSD = root mean square deviation; HR = mean heart rate; 

Isoflurane = mean inspired isoflurane concentration; RPP = rate—pressure product; PRST = PRST score. Significant 
difference (P < 0.05) compared with: * group A; tgroup C 


Group A 

(n = 16) 
Age (yr) 43.1 (32-65) 
Weight (kg) 60.1 (48-82) 
TAT (min) 65 (34-106) 
ATPR (min) 7.1 (1-21) 
TSAP (mm Hg) 118.0 (110-133) 
SAP (mm Hg) 118.4 (109-133) 
RMSD (mm Hg) 7.0 (4.2-11.7) 
HR (beat min) 74 (63-87) 
Isoflurane (%) 1.0 (0.3-2.0) 
RPP 8677 (7192-11100) 
PRST 0.82 


isoflurane concentration were significantly smaller in 
group A than in group B. Of these, only the required 
dose of isoflurane was greater in group B than in 
group C. There was no difference in heart rate, 
rate-pressure product or isoflurane requirement 
between groups A and C. The patients in group B 
took significantly longer to recover than those in the 
other groups. 

Sweating was not observed in those patients who 
received an anticholinergic agent, but was observed 
in the two other groups. The association between 
sweating and administration of anticholinergic agent 
was statistically significant. 


DISCUSSION 


The control system achieved the objective of main- 
taining systolic arterial pressure at its target and this 
resulted in a clinically acceptable pattern of clinical 
signs, supporting our view that SAP is a major 
component of the clinical assessment of the 
anaesthetic state. 

The differences between groups A and B may be 
explained by the rule that gave rise to the additional 
morphine doses. The greater isoflurane (and mor- 


114.4 (106-118) 
119.0 (110-124) 


Group B Group C 

(2 = 5) (n = 10) 
37.6 (26-73) 42.2 (33-62) 
64.6 (45-91) 64.3 (53-82) 
69.8 (58-92) 62.3 (58—96) 
20.4 (13-36)*+ 8.5 (2-22) 


117.3 (111-131) 
117.6 (112-132) 


8.5 (4.8-10.9) 7.7 (5.8-10.6) 

89 (77-99)* 80 (64-99) 

2.1 (1.8-2.5)*+ 0.8 (0.1-1.7 
10634 (9603-12248)* 9462 (6788-11452) 

1.10 0.95 


phine) requirement in group B is an obvious 
example. Other differences such as the greater heart 
rate in group B may reflect either increased auto- 
nomic activity or an effect related to the larger doses 
of isoflurane these patients received. Despite these 
differences, anaesthesia was clinically acceptable in 
both groups. 

The only significant difference between groups A 
and C was the greater heart rate in group C. 
Otherwise, groups A and C were similar. Moderate 
doses of anticholinergic agents did not appear to 
detract from the usefulness of SAP as an indicator of 
anaesthetic adequacy. Further studies, in which 
some patients would receive an anticholinergic agent 
at induction of anaesthesia, are required to confirm 
this finding. 

No patient in our previous study with enflurane 
had bradycardia sufficient to require treatment [1], 
but three patients in this study required rapid 
treatment for bradycardia. We do not know why 
bradycardia might occur more frequently in patients 
anaesthetized with isoflurane, but it may be simply a 
surgical effect of peritoneal traction. 

The PRST score is a simple method of measuring 
the clinical adequacy of anaesthesia [3]. The greater 
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mean PRST scores in those patients who required 
morphine or received an anticholinergic agent re- 
flected the greater heart rates in these groups. This 
probably represents a pharmacological effect rather 
than an increase in autonomic activity. 

Our observation that sweating was absent in 
patients who received anticholinergic drugs is not 
surprising, and suggests that anticholinergic agents 
might limit the usefulness of sweating as a sign of 
inadequate anaesthesia. The PRST score, which 
includes a score for sweating, must be interpreted 
with care under these circumstances, 

Although the use of clinical signs (SAP in this 
case) to guide anaesthetic dosage may be criticized 
(6, 7], these signs are used widely in current 
anaesthetic practice and it is therefore highly likely 
that they carry useful information. Obviously, the 
usefulness of clinical signs may be reduced by drugs 
such as beta-blockers, conditions such as hyper- 
tension or intraoperative “‘events”’ such as surgical 
haemorrhage. The system we have described would 
be of limited routine clinical use in these situations. 
However, a standardized anaesthetic state, used 
under controlled circumstances, would be useful in 
evaluating the newer techniques (such as monitoring 
evoked potentials) proposed to assess the anaesthetic 
state [8]. 

As anaesthetists use combinations of clinical signs 
and anaesthetic agents to achieve an anaesthetic 
state, our single input (SAP), single output (iso- 
flurane) system has obvious limitations. However, if 
the control system can be developed to use additional 
clinical signs, the clinical anaesthetic state will be 
defined objectively by the algorithm on which the 
system is based. Several factors must be considered 
before addition of other clinical signs: many signs 
(e.g. tears) are subjective; the measurement of some 
is difficult to automate (e.g. pupil diameter [9]); the 
value of others might be limited (e.g. sweating); 
finally, weighting must be applied to each additional 
sign. 

We chose SAP as a starting point as it is an easily 
measured objective sign with a well established 
range of acceptable values. In our system, the target 
systolic pressure (T SAP) effectively set the depth of 
anaesthesia. The choice of TSAP was difficult, as 
single measurements in the ward or anaesthetic room 
are likely to be unrepresentative of the patient’s true 
resting values because of anxiety or sedation [10]. 
Our use of tables to determine TSAP overcame the 
immediate problem, but suffered the disadvantage 
that it had a population rather than an individual 
basis. The requirement for additional morphine in 
our studies probably reflected an inappropriately 
small TSAP for individual patients rather than a 
relative resistance to anaesthetic agents; this in- 
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terpretation is supported by the significantly longer 
recovery times in those patients who required 
additional morphine. Repeated measurements in the 
ward using a non-invasive arterial pressure monitor 
may give a more realistic value for the TSAP. 

A major limitation of control systems is that they 
cannot predict changes in external circumstances, 
such as surgical stimulation. In addition, our system 
was originally designed to control SAP with a single 
agent, whereas anaesthetists tend to limit the re- 
quirement of a volatile agent by use of opioids. We 
attempted to overcome these problems by the 
incorporation of the additional rules. As a few 
patients took a prolonged time to recover from the 
anaesthetic, despite the additional rules, these may 
require modification if an individually determined 
value of TSAP does not overcome this problem. 

Building on the pioneering work of Suppan [11], 
our studies have laid some groundwork for 
developing a more flexible control system which may 
mimic more closely the activity of the anaesthetist. 
We believe that the system requires more patient 
information in order to give reliable control in a 
wider range of conditions, and plan to develop it to 
include additional clinical signs as additional con- 
trolled variables. 
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NEW PATCH DELIVERY SYSTEM FOR PERCUTANEOUS LOCAL 


ANAESTHESIA 


D. F. McCAFFERTY AND A. D. WOOLFSON 


SUMMARY 


We have assessed the release of amethocaine from 
anew patch delivery system and subsequent drug 
diffusion through human stratum corneum and 
whole skin. We found that the patch system was 
more efficient than an amethacaine gel preparation. 
lt was also observed, both in vitro and in vivo, that 
the stratum corneum acted as a reservoir for 
amethocaine. A double-blinded clinical trial, using 
30- and 60-min application times, indicated that 
there was no Statistical difference between patch 
and gel formulations in onset of percutaneous local 
anaesthesia. Furthermore, a 30-min application of 
the patch was sufficient to provide profound and 
prolonged topical anaesthesia in all volunteers. In 
contrast, although a 60-min application of EMLA 
was necessary to ensure satisfactory onset of 
percutaneous anaesthesia, the duration of action 
was much shorter than that of the amethocaine 
patch. (Br. J. Anaesth. 1993; 71: 370-374). 


KEY WORDS 
Anaesthetics, local: amethocaine, EMLA. 


The most common form of medically induced pain is 
that caused by the insertion of needles, for example 
for venepuncture. It has been reported that one of 
the major fears of young children in hospital 
concerns procedures involving needles [1, 2]. There- 
fore, a rapidly acting topical anaesthetic formulation 
would be of considerable clinical benefit in reducing 
the fear, anxiety and pain associated with invasive 
medical procedures. 

Although EMLA, a topical percutaneous anaes- 
thetic gel consisting of prilocaine and lignocaine, 
provides satisfactory skin anaesthesia, the minimum 
recommended time of application to ensure adequate 
anaesthesia is 1 h. The preparation is applied as a 
thick layer under an occlusive dressing and duration 
of anaesthetic effect is approximately 30 min. A 
further problem associated with any cream- or gel- 
based topical preparations is that the amount of drug 
applied topically, and area of skin surface involved, 
are ill-defined. 

It has been reported that a percutaneous local 
anaesthetic gel formulation containing amethocaine 
base provided more rapid and prolonged anaesthesia 
than EMLA [3]. The anaesthetic efficacy of this 
formulation derives partially from the solid-to-liquid 
phase change which occurs when amethocaine base, 
in an aqueous environment, is exposed to temper- 


atures of about 29 °C and greater [4]. We have now 
further developed this amethocaine phase-change 
system [5] to produce a percutaneous local an- 
aesthetic patch, similar in appearance to many 
existing typical transdermal therapeutic systems, 
which allows enhanced shelf-life, greater con- 
venience of use and the precise control of the dose of 
drug administered. The present study reports on the 
in vitro penetration characteristics of amethocaine 
from the new patch system and compares its clinical 
efficacy against EMLA in a double-blind, placebo- 
controlied volunteer study. 


MATERIALS AND METHODS 

Chemicals 

Amethocaine base U.S.P. was obtained from 
Orgamol, Switzerland. EMLA was obtained from 
Astra Pharmaceuticals Ltd, Hertfordshire, U.K. 
Trypsin type 11: crude was obtained from Sigma 
Ltd, Poole, Dorset. All other chemicals were of 
Analar or HPLC quality. 


Formulations 


The percutaneous local anaesthetic patches 
(3x3 cm) contained amethocaine 10 mg and were 
prepared using conventional pharmaceutical 
methods [6]. The amethocaine gel formulation was 
prepared as described previously [3]. Controls, 
without amethocaine, were similarly prepared. 
EMLA was repacked into plain tubes and a matching 
placebo cream was prepared also. 

Diffusion studies 

In vitro penetration of amethocaine through 
human skin was undertaken using modified Franz 
diffusion cells (FDC-400, flat flange, 15-mm orifice 
diameter, Crown Glass Co., Somerville, NJ, 
U.S.A.), as described previously [7]. All experiments 
were conducted in triplicate. Flux values were 
calculated by linear regression from the linear 
sections of the concentration per unit area vs time 
plots. 


Amethocatne assay 


Amethocaine was assayed by ion-pair reverse 
phase high pressure liquid chromatography using a 
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Spherisorb 5 mm ODS column (25 cm). The mobile 
phase consisted of acetonitrile: water (8:2) con- 
taining l-hexanesulphonic acid ion pair reagent 
0.005 mol litre? (Waters Ltd, Harrow, U.K.). A 
Gilson 302 pump was used in combination with an 
802 manometric module (Anachem Ltd, Luton, 
U.K.) and a Rheodyne 7125 injector (20-pl loop). 
Detection was carried out at 310nm using an 
LKB 2151 variable-wavelength detector (LEB, 
Bromma, Sweden). Chromatograms were recorded 
on a Hewlett-Packard 3390A integrator (Hewlett— 
Packard, Wokingham, U.K.). Calibration graphs 
were linear (r > 0.999) in the range 6.5—55 ug ml-t. 
Procaine hydrochloride was used as the internal 
standard. 


Preparation of human whole skin samples 


Healthy skin samples, surplus to limb amputation, 
were obtained from the Belfast City Hospital. 
Human whole skin samples were prepared by careful 
removal of the subcutaneous fat. Skin sections were 
cut of a size suitable for mounting in the diffusion 
cells. Prepared skin samples were stored frozen at 
—18 °C until required. 


Preparation of human stratum corneum 


Human whole skin was incubated in trypsin 
solution 0.1% w/v in phosphate-buffered saline, 
pH 7.2, at 37°C. The stratum corneum was then 
peeled carefully from the epidermis, rinsed in water 
and cut into sections of suitable size. 


In vitro studies 


The Franz diffusion cell apparatus was configured 
as previously described [7]. Each drug penetration 
experiment was performed simultaneously in trip- 
licate using whole skin or stratum corneum samples 
from the same source. The receiving chamber of 
each cell was filled with phosphate buffered saline 
(12 ml, pH 7.2) and allowed to equilibrate for 1h. 
Skin samples were placed on a filter support and 
covered with either samples of the patch or a thin 
layer (1 mm) of gel, using a casting bar technique. 
‘They were then covered with an occlusive membrane 
(Parafilm). The receiving fluid was stirred con- 
tinuously and synchronously in all three cells. 
Samples (0.3 ml) were obtained at intervals, ametho- 
caine concentration was measured and the reservoir 
topped up with 0.3 ml of phosphate buffered saline. 
Previous studies have indicated that the amount of 
amethocaine metabolized during the course of the 
experiments would be negligible [8]. 


Volunteer studtes 


After obtaining Ethics Committee approval, we 
studied 20 healthy, trained volunteers (12 female), 
age range 19-32 yr. Each volunteer gave written 
informed consent. The purpose of the in vivo study 
was to compare the speed of onset of anaesthesia, 
effectiveness and duration of action of the patch 
delivery system with the gel preparation and EMLA. 
Because of difficulties with double-blinding this part 
of the study (there are marked physical differences 
between the patch and the gel formulations), ap- 
propriate placebos were also included for each 


400 
T 
, g- 
g 300 A 
5 A 
2 200 
£ A m aa s una o E. E -a 
S wd F 
$ A 
E Ae 
0 
0 2 4 6 8 10 


Time (h) 


Fic. 1. Penetration of amethocaine through human stratum 

corneum after 30-min and continuous application of a gel and 

patch formulation. [O = Gel, 30min; O = patch, 30min; 
E = gel, continuous; @ = patch, continuous. 
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Fic. 2. Penetration of amethocaine through human whole akin 

after 30-min and continuous application of a gel and patch 

formulation. [] = Gel, 30 min; O = patch, 30min; W = gel, 
continuous; @ = patch, continuous. 


preparation. Therefore, each volunteer was tested 
with six preparations, three active and three 
placebos, in a randomized manner. A minimum 
period of 7 days elapsed between treatments. The 
formulations were applied to the ventral surface of 
the forearm, as described previously [3]. Gel 1.0 g, 
patch and EMLA 1.0 g were left in contact with the 
skin for both 30- and 60-min periods of application. 
After removal of the preparations, the treated sites 
were wiped clean and anaesthesia was assessed by 
pin-prick as described previously [9, 10]. Full an- 
aesthesia was allotted a score of 1, partial or no 
anaesthesia was scored as 0 [3]. 


RESULTS 


The diffusion of amethocaine through human 
stratum corneum is shown in figure 1 and that 
through human whole skin from both formulations, 
under the same conditions, in figure 2. The flux 
values obtained from these data are presented in 
table I. Application of ANOVA (single factor 
analysis of variance with repeated measures) to the 
data indicated that there were significant differences 
between the flux values, therefore the Scheffé 
multiple comparison test was applied to obtain more 
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TABLE I. Flux values for gel and patch through human membranes 
(mean (SD)) 
Membrane Flux (ug cm~ h) 


Gel: 30-min application 


Human stratum corneum 49.74 (2.11) 

Human whole skin 2.13 (0.17) 
Gel: continuous application 

Human stratum corneum 58.18 (1.34) 

Human whole skin 14.67 (0.64) 
Patch: 30-min application 

Human stratum corneum 53.89 (1.13) 

Human whole skin 2.31 (0.15) 
Patch: continuous application 

Human stratum corneum 64.83 (2.17) 

Human whole skin 18.47 (1.41) 


TABLE II. Comparison of amethocaine fluxes of gel and patch using 
human stratum corneum for two different application times (Scheffé 
multiple comparison test). c = Continuous application; 30 = 30-min 
application 

Formulation/application time Significance of difference 
Patch (c) vs gel (c) 
Patch (c) vs patch (30) 
Patch (c) vs gel (30) 


P > 0.05 
0.001 < P < 0.05 
0.001 < P < 0.05 


Gel (c) vs patch (30) P > 0.05 
Gel (c) vs gel (30) P > 0.05 
Gel (30) vs patch (30) P > 0.05 


TABLE III. Comparison of amsthocaine fluxes of gel and patch using 
human whole skin for two different application times (Scheffé 
multiple comparison test). c = Continuous application; 30 = 30-mun 
application 
Formulation/application time Significance of difference 
P> 0.05 
0.001 < P < 0.05 
0.001 < P < 0.05 
0.001 < P < 0.05 
0.001 < P < 0.05 
P > 0.05 


Patch (c) vs gel (c) 
Patch (c) vs patch (30) 
Patch (c) vs gel (30) 
Gel (c) vs patch (30) 
Gel (c) vs gel (30) 

Gel (30) vs patch (30) 


TABLE IV. Comparison of amethocatne fluxes of gel and patch 
through human stratum corneum (sc) and whole skin (ws) for two 
different application times (Scheffé multiple comparison test) 
Formulation/barrier membrane Significance of difference 

30-min application 
Gel (sc) vs gel (ws) 
Patch (sc) vs patch (ws) 
Gel (sc) vs patch (ws) 
Patch (8c) vs gel (ws) 

Continuous application 
Gel (sc) vs gel (ws) 
Patch (sc) vs patch (ws) 
Gel (sc) vs patch (ws) 
Patch (sc) vs gel (ws) 


0.001 < P < 0.05 
0.001 < P < 0.05 
0.001 < P < 0.05 
0.001 < P < 0.05 


0.001 < P < 0.05 
0.001 < P < 0.05 
0.001 < P < 0.05 
0.001 < P < 0.05 


detailed comparisons. Statistical comparisons of 
drug fluxes through human stratum corneum and 
human whole skin are shown in tables II and III, 
respectively. Table IV gives statistical comparisons 
of the drug flux values obtained for both the gel and 
patch formulations through each of the two barrier 
membranes. 

It is evident from table II that, with two 
exceptions, the use of different application times had 
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Fig. 3. Percentage volunteers anaesthetized after either 30- or 60- 

min applications of an amethocaine gel and patch formulation and 

EMLA. Time 0 = Removal of formulations from skin. O = Gel, 

30 min; O = patch, 30min; © = EMLA, 30min; W = gel, 
60 min; @ = patch, 60 min; @ = EMLA, 60 min. 


little effect on the flux values of amethocaine through 
human stratum corneum, for both gel and patch 
formulations. It was also observed that the type of 
formulation used had no significant effect (P > 0.05) 
on the flux values. The flux of amethocaine obtained 
when the patch was applied continuously was 
significantly better (0.001 < P< 0.05) than that 
provided when either the patch or gel was applied for 
30 min. 

Although the type of amethocaine formulation 
used had no significant effect (P > 0.05) on the drug 
flux through human whole skin, time of application 
(table III) did prove significant (0.001 < P < 0.05). 
The type of barrier membrane used significantly 
(0.001 < P < 0.05) affected the flux values obtained 
for both application times (table IV). 

Initially, the patch formulation was tested for 
percutaneous anaesthetic efficacy against placebo in 
a double-blind design. Statistical analysis of the 
results (chi-square) indicated that it was significantly 
(P < 0.001) better than placebo. All the other 
formulations used in this study also provided 
significantly (P < 0.001) better percutaneous local 
anaesthesia compared with placebo. 

The in vivo efficacy of the gel, patch and EMLA, 
following both 30- and 60-min periods of application 
is shown in figure 3. For the 30-min application 
time, only the speed of onset of the gel and patch 
formulations were compared (table V), as EMLA 
provided anaesthesia only in a small number of 
volunteers (fig. 3). The mean time for onset of skin 
anaesthesia was 35.3 min for the gel formulation and 
34.5 min for the patch. For the 60-min application, 
however, the three different formulations were 
compared statistically for speed of onset of an- 
aesthesia, against one another. Application of 
ANOVA to the data indicated that there was a 
significant difference between the formulations. 
Therefore, the Scheffé multiple comparison test was 
used to obtain more detailed comparisons (table V). 
The results indicated that both the gel and patch 
were significantly more rapid than EMLA in provid- 
ing percutaneous local anaesthesia (P < 0.001) 
after a 60-min application. In contrast, there was no 
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TABLE V. Comparison of speed of onset of percutaneous local 
anaesthesia for various formulations. *t test; + Scheffé multiple 
comparison test 


Anaesthetic formulation P 
30-min application 
Gel vs patch* > 0.1 
60~min application 
Gel vs patcht > 0.5 
Gel vs EMLAtT < 0.001 
Patch os EMLAtT < 0.001 


significant difference between the gel and the patch 
formulations in onset of anaesthesia (table V). All 
volunteers were anaesthetized after the 60-min 
application when either the gel or patch was used, 
but this was not the case with EMLA (fig. 3), for 
which the mean time of onset of percutaneous local 
anaesthesia was 65.3 min. 


DISCUSSION 


The potential benefits of a patch delivery system for 
topical percutaneous local anaesthesia are increased 
safety and convenience of use, reduced drug-loading 
and application of an accurately known amount of 
drug onto a clearly defined area of skin. However, 
because of the different formulation characteristics 
of a patch in comparison with gel, it was necessary, 
initially, to examine the release behaviour of ametho- 
caine from the patch in respect of im vitro skin 
penetration characteristics. It can be observed clearly 
(figs 1, 2) that diffusion of amethocaine occurred 
from the patch through both human stratum cor- 
neum and whole skin. Not surprisingly, the amount 
of drug penetrating human whole skin was sub- 
stantially less than that diffusing across human 
stratum corneum. Although this difference could be 
attributed to the greater thickness of whole skin, it 
was likely that increased protein binding was also 
reducing penetration of drug [8]. It can be seen also 
that the patch provided similar flux values through 
both membranes compared with gel (table I), despite 
the total amount of amethocaine applied to the skin 
samples in the form of the patch being about 50% 
that of the gel. This apparent anomaly may be 
explained by considering the diffusion of ametho- 
caine from the formulations. Effectively, ametho- 
caine penetration into the skin, with either patch or 
gel formulations, occurs from a saturated drug 
solution at the formulation—skin interface, the dif- 
fusion layer [5]. As drug is depleted from this 
interface, it is constantly replaced by undissolved 
amethocaine. Therefore, it would require prolonged 
application of either formulation in order to deplete 
completely the available amethocaine in the diffusion 
layer—a phenomenon recognized with other topical 
formulations [11]. Therefore, as the hydrated patch 
simulates a very thin layer of gel, it provides a 
comparatively efficient method of drug delivery to 
the skin surface. 

If amethocaine diffusion across human stratum 
corneum is considered after a 30-min application 
time, it can be observed that drug continues to 
appear in the receiving fluid even after the patch is 
removed, illustrating the reservoir effect of this 


tissue. The amount of drug diffusion across stratum 
corneum stopped after about 2h, giving a final 
value of 155 ug cm™~*. An approximate estimate of the 
amount of amethocaine contained, as a reservoir, 
within 1 cm? of stratum corneum can be obtained by 
considering the difference in the amount of drug in 
the receptor after 30min compared with that 
observed when a plateau occurred; this gives a value 
of about 125 ug. 

‘These data would indicate that about 1.4 mg of 
drug could diffuse from a 3x3cm patch, which 
initially contained amethocaine 10 mg. Even when 
the patch was left on continuously for a 7-h period, 
the amount of amethocaine diffusing through was 
about 350 ug cm`™?. This represents diffusion of 
approximately 3.2 mg of drug from a similar sized 
patch. However, it is interesting to observe that, in 
the latter case, the diffusion rate began to plateau 
after this prolonged period of time. At this point the 
drug concentration in the diffusion layer at the skin 
surface was becoming depleted and the rate of 
absorption was reduced. This phenomenon provides 
a potential safety feature, in that an application time 
extending to several hours would be required to 
exhaust the patch of drug. It must be emphasized 
that the projected amounts of amethocaine pen- 
etrating the skin, as discussed above, represent an 
extreme case. Only penetration of the stratum 
corneum is being considered and amethocaine 
metabolism, both within the skin and systemically, 
is ignored [12]. It has been shown [13] that, after 
application of 5 % amethocaine 2 g to a 6-cm? area on 
the dorsum of the hand for a 4-h period in 10 adult 
volunteers, amethocaine could be detected in only 
three subjects. The maximum measured plasma 
concentration was 200 ng ml“. Although ametho- 
caine, in vivo, is metabolized rapidly to p-(butyl- 
amino)benzoic acid [8], this metabolite could only be 
detected at a maximum concentration of 820 ng ml“ 
in one volunteer [13]. 

In vivo studies on the activity of patch compared 
with placebo clearly indicated that the former 
provided effective local anaesthesia similar to that of 
the gel. Both formulations provided satisfactory 
anaesthesia in all volunteers (fig. 3), although it can 
be seen that some volunteers were already anaes- 
thetized on removal of both patch and gel formu- 
lations after the 30-min application period. It has 
been shown that a minimum application period of 
approximately 20 min is necessary to provide per- 
cutaneous local anaesthesia [14]. All volunteers were 
found to be anaesthetized within 15 min after 
removal of the amethocaine formulations (fig. 3). 
This delayed action effect can be related to the 
results from in vitro drug penetration studies, in 
which amethocaine continued to diffuse into the 
receiving fluid even after the preparation had been 
removed from the skin samples (fig. 1). Therefore, a 
reservoir effect is apparent both im vivo and in vitro. 
This phenomenon has been well documented after 
the topical application of various steroids, although 
the reservoir effect with steroids is much more 
pronounced than that with amethocaine. 

It is clear from figure 3 that EMLA does not 
produce adequate percutaneous local anaesthesia 
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after a 30-min application. Although a small number 
of volunteers were anaesthetized, the effect was of 
short duration (fig. 3). This is in agreement with 
previous observations [3]. Both lignocaine and 
prilocaine, the constituent local anaesthetics of 
EMLA, are less potent than amethocaine and hence 
would be required in larger concentrations than 
the latter drug to produce similar levels of local 
anaesthesia. 

When the time of application was increased to 
60 min, there was a marked improvement with the 
anaesthetic effect of EMLA (fig. 3). Although the 
increased time of application had a less dramatic 
effect on the behaviour of the amethocaine formu- 
lations, some differences were noted; for example, all 
volunteers were found to be anaesthetized on 
removal of the formulations (fig. 3). It would appear 
also that an increase in application time tended to 
cause a concomitant increase in the duration of the 
anaesthetic effect (fig. 3). There is a marked 
difference in the duration of action between EMLA 
and both amethocaine formulations. Thus, even with 
an application time of 30min, using the latter 
formulations, the shortest period during which all 
volunteers were satisfactorily anaesthetized was just 
over 3h. However, it can be observed (fig. 3) that 
some volunteers had an anaesthetic effect extending 
beyond 6h. In contrast, a 60-min application of 
EMLA resulted in all volunteers being anaesthetized 
for a minimum of 20 min (fig. 3), although some 
individual volunteers had satisfactory anaesthesia of 
much longer duration. Although penetration en- 
hancers have been used in an attempt to increase the 
rate of diffusion of amethocaine through skin, and 
hence reduce the time required for onset of an- 
aesthesia, these are unlikely to have a clinically 
significant effect [15]. A liposomal percutaneous 
anaesthetic formulation containing 0.5% w/w 
amethocaine has been shown to produce satisfactory 
topical anaesthesia [16]. However, when an ap- 
plication time of 30 min was used, a further period of 
1.5 h was required for onset of anaesthesia in 80 % of 
the volunteers. This prolonged time for onset of 
effect is, perhaps, not surprising, considering the 
design of the formulation: amethocaine is trapped 
within vesicles from which it must escape before 
penetrating the skin. 

In the present study, only one application site was 
used as it is well established that various sites of the 
body provide different challenges to percutaneous 
penetration. For example, drug penetration is easier 
through the scalp (or the skin behind the ears), 
whereas it is more difficult through the palms of the 
hands or soles of the feet. The main sites for 
application of percutaneous local anaesthetic formu- 
lations would be the ventral surface of the forearm or 
the dorsum of the hand, for venepuncture. Although 
it has been suggested that the dorsum of the hand 
provides a greater barrier to local anaesthetics, in 
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terms of onset of anaesthesia, this does not appear to 
be a problem when amethocaine is used, particularly 
in children [17]. 
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DERMAL ANAESTHESIA: COMPARISON OF EMLA CREAM 
WITH IONTOPHORETIC LOCAL ANAESTHESIA 


S. IRSFELD, W. KLEMENT AND P. LIPFERT 


SUMMARY 


We have compared the efficacy of two non-invasive 
methods of transdermal anaesthesia: application of 
EMLA cream and iontophoresis of 5% lignocaine 
with adrenaline 1:50000 in six healthy subjects. 
We tested depth of tissue penetration (pinprick) 
and effect on pain evoked by i.v. injection. After 
iontophoresis, pain on i.v, injection was abolished 
in five of six volunteers, whereas EMLA had no 
effect. We conclude that local anaesthetics pen- 
etrate deeply enough to numb both veins and skin 
with tontophoresis only. (Br. J. Anaesth. 1993; 71: 
375-378) 


KEY WORDS 
Anaesthesia, local: iontophoresis; EMLA. 


Pain and discomfort associated with insertion of i.v. 
needles have been shown to be reduced significantly 
by EMLA (eutectic mixture of local anaesthetics) 
cream after topical application [1, 2]. However, there 
has been little attention paid to its ability to prevent 
pain on i.v. injection of several drugs used in 
anaesthesia [3]. Iontophoresis of local anaesthetics 
enhances transdermal ionic transport [4,5]. 
Although effective in reducing the pain of needle 
insertion [6], it has never been compared with 
EMLA cream for either venepuncture or i.v. admin- 
istration of pain evoking drugs. This is surprising, 
since iontophoretically applied local anaesthetics are 
effective within 10 min [6-8], whereas EMLA cream 
requires a rather long application time of up to lh 
[9-11]. We have therefore compared the efficacy of 
EMLA cream with that of iontophoretically applied 
local anaesthetic on pain during venepuncure and 
during i.v. injections. 


SUBJECTS AND METHODS 


After approval by the Ethics Committee of the 
University of Düsseldorf and informed consent had 
been obtained, we studied six healthy volunteers 
(five male; ages 27-30 yr). Experiments started at 
15:00 with the subject sitting comfortably, semi- 
recumbent at an ambient temperature of 20-22 °C. 


Experimental design 
Effects of each method of application were tested 


simultaneously on the ventral surface of the forearms 
of each volunteer. Two areas of about 20 cm? were 


selected so that a large vein crossed the full length of 
the area (fig. 1). 

Pain during venepuncture was induced by in- 
serting a 27~gauge cannula. To assess drug evoked 
pain (i.e. to test sensory innervation of the vein) 2 ml 
of hyperosmolar saline (2500 mosmol kg“, pH 7.4, 
temperature 24°C) was injected within 10s while 
the vein was compressed proximally for 1 min; saline 
2500 mosmol kg"! (an osmolality more than 8-fold 
that of blood) has been demonstrated always to evoke 
pain in isolated vein segments [3]. To determine 
depth of tissue penetration provided by each method 
of application, a 27-gauge cannula was inserted 
perpendicularly through the skin in five well-defined 
sites within the numbed area until pain or discomfort 
were felt (pinprick). The cannula was marked with a 
piece of paper so that depth of insertion could be 
measured easily [7]. 

EMLA cream is a eutectic mixture of lignocaine 
base 2.5gdl% and prilocaine base 2.5 gdl 
[12, 13]. The cream was applied under an occlusive 
dressing (Tegaderm) for 60 min as recommended by 
the manufacturer and others [13, 14]. Iontophoresis 
enhances transdermal ionic transport by direct 
electrical current [4, 15]. In the present experiments, 
blotting paper was impregnated with 5 % lignocaine 
0.5 ml with and without adrenaline 1:50000. Adren- 
aline was used to provide approximately equal 
durations of anaesthesia for EMLA cream and 
iontophoretically applied local anaesthetic [7, 16]. 
The experiments without adrenaline were performed 
to study its influence on penetration of ionto- 
phoretically applied lignocaine. As the positively 
charged drugs, lignocaine and adrenaline, travel 
from anode to cathode, the blotting paper was fixed 
on the test area under the anode, the cathode being 
placed on the dorsal side of the forearm. Constant 
direct current was adapted to the individual tolerance 
(appearance of stinging or burning sensations) of the 
volunteers, leading to a current density of 
0.1-0.2 mA cm [4]. 


Experimental programme 

The test areas on each forearm were swabbed with 
an alcohol solution for degreasing and disinfection. 
The chosen vein was punctured and 2ml of 
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Fic. 1. Schematic presentation of the experimental design. Test areas were of identical size for either application 

method. EMLA = 2.5% lignocaine +2.5% prilocaine. Placement of the cathode was on the dorsal surface of the 

forearm. Anode: 0.1-0.2 mA cm~? d.c. for 10 min. Blotting paper was impregnated with 5% lignocaine plus 
adrenaline 1:50000. 


hyperosmolar saline injected as described above, first 
on the right, then on the left side. Pain on 
venepuncture and pain intensity on i.v. injection 
were assessed, the latter being rated on a modified 
visual analogue scale with the help of an electrically 
controlled apparatus of our own design [3]. Thus 
pain could be followed continuously between thres- 
hold and tolerance maximum. 

After the pain on i.v. injection had subsided, one 
forearm test area was covered with EMLA cream 
2.5 g. On the other forearm, iontophoresis of 5% 
lignocaine with adrenaline 1:50000 was applied for 
10 min [6, 7]. Immediately after removal of EMLA 
cream and electrodes, sensations during vene- 
puncture and i.v. injection of hyperosmolar saline 
and depth of cannula insertion were assessed as 
described above. Depth was investigated every 
l-5 min until baseline sensitivity was regained. At 
that time, a final i.v. injection of hyperosmolar saline 
was performed to evaluate recovery of sensory 
innervation of the veins. The experiments with 
iontophoretically applied plain lignocaine were per- 
formed about 2 weeks later under identical condi- 
tions. 


Data analysts 


Pain during injection of hyperosmolar saline 
(expressed as percent of maximum pain), depth 
(mm) of painless needle insertion (mean of five 
measurements at the test sites) and duration of 
anaesthesia (time (min) from removal of cream or 
electrodes until full sensitivity to pinprick) were 
measured for each volunteer or presented as medians 
and ranges, or both. Data were analysed using 
Wilcoxon’s signed-rank test. Significance was 
assumed when P < 0.05. 


RESULTS 


In each volunteer, venepuncture was painful before 
but not after numbing the skin with EMLA cream or 


iontophoretically applied local anaesthetic. In con- 
trast, pain on i.v. injection of hyperosmolar saline 
was significantly reduced only after iontophoresis of 
lignocaine with adrenaline (P = 0.04), but not after 
EMLA cream (P = 0.35). Pain on injection was 
abolished in five of six volunteers after iontophoresis, 
whereas pain decreased only slightly in three and 
increased in three volunteers after EMLA cream (fig. 
2). In each subject, anaesthesia as tested by painless 
insertion of a 27-gauge cannula extended sig- 
nificantly deeper after iontophoresis than after 


100 Lignocaine 


Before After 
lontophoresis 


100 EMLA cream 


25 ee ae 


Before After 
Application of EMLA 


Fic. 2. Pain intensity on i.v. injection of hyperosmolar solution 

(2 ml of saline 2500 mosmol ke~!) over 108, as rated by a 

modified visual analogue scale (VAS) (range 0% = no pain to 

100% = maximal tolerable pain). Pain scores before (left) and 

after (right) iontophoresis of 5% lignocaine with adrenaline 
1:50000 or application of EMLA cream. 
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Fic. 3. Depth of painless insertion of a 27-gauge cannula after 

application of EMLA cream (N) (mean 4.4mm; range 

3.24.8 mm) or iontophoresis of 5% lignocaine with adrenaline 

1:50000 (W) (mean 6.0 mm; range 4.8-7.4 mm). Depth of tissue 

penetration was significantly greater after iontophoresis than after 
EMLA (P = 0.03). 


application of EMLA cream (fig. 3). Duration of 
anaesthesia did not differ between the methods (table 
I). Depth of painless needle penetration after 
iontophoretic application of lignocaine both with 
and without adrenaline did not differ significantly, 
whereas duration of anaesthesia was significantly 
prolonged by adrenaline (table I). Iontophoresis of 
plain lignocaine induced local hyperaemia, but 
iontophoretically applied lignocaine with adrenaline 
markedly blanched the anodal skin area. 


DISCUSSION 


We have found that transdermal local anaesthesia by 
iontophoresis, but not by EMLA, reduced pain on 
i.v. injection of hyperosmolar saline, whereas vene- 
puncture was painless with both methods. 

The experiments were designed to compare the 
efficacy of transdermal local anaesthesia by two 
methods, therefore iontophoresis of local anaesthe- 
tics and EMLA cream were applied as recommended 
in the literature for best effect. Covered with an 
occlusive dressing for 60 min, EMLA penetrates 
intact skin. Although application times up to 120 min 


were thought necessary in one study [16], EMLA 
has been shown to be effective after a period as short 
as 20 min [17]. In accordance with most investigators 
[9, 14, 18, 19], we exposed the skin for 60 min, as 
recommended by the manufacturer. 

The effect of iontophoretically applied local an- 
aesthetic depends on direct electrical current in- 
tensity [7]. In the present experiments, current was 
increased slowly until discomfort (stinging or burn- 
ing sensations) was felt, usually at 0.1-0.2 mA cm~? 
[4]. Although 2—4% lignocaine is recommended for 
iontophoresis [7], a 5% solution was used in the 
present experiments to provide adequate local an- 
aesthetic. Adrenaline was added to lignocaine in one 
series of experiments to provide a duration of action 
similar to that of EMLA cream. When testing 
iontophoretically applied lignocaine with or without 
adrenaline under otherwise identical conditions, we 
found that the depth of tissue penetration did not 
differ. Obviously, the addition of adrenaline influ- 
enced the duration of action, whereas depth of tissue 
penetration depended only on the electrical condi- 
tions used during iontophoresis. Other workers have 
found that the mean depth of penetration of 
lignocaine with and without noradrenaline into skin, 
as measured by radioactive tracers, was identical 
[20]. 

Peripheral veins are invested with polymodal 
nociceptors which, in common with cutaneous 
receptors, respond to hyperosmolar solutions [3]. As 
only the iontophoretically applied local anaesthetics 
reduced pain on i.v. injection, iontophoresis ob- 
viously forces the molecules deep enough into skin to 
block vein wall afferents. Depth of painless needle 
insertion in each volunteer was also greater with 
iontophoresis than with EMLA cream. 

Although five volunteers did not feel any pain after 
iontophoretic application of lignocaine with adren- 
aline, pain intensity after i.v. injection of hyper- 
osmolar saline was unchanged in one subject. This 
volunteer was very sensitive, as demonstrated by the 
low current (0.1 mA cm?) necessary to induce 
stinging or burning sensations. As the effect of 
iontophoresis correlates with the current applied [4], 
penetration of lignocaine may have been limited in 
this volunteer; indeed, he had the least difference in 
depth of tissue penetration (subject No. 3 in figure 3: 
4.4mm EMLA, 4.8 mm iontophoresis). We believe 
that the use of a larger current (up to 0.6 mA cm~? as 
used and tolerated by volunteers in several studies 
(7, 8, 21]) would have increased depth of anaesthesia 
and made this particular subject analgesic to i.v. 
injection of hyperosmolar saline. 


TABLE I. Depth and duration of transdermal anaesthesia (median (range)). * Significant difference (P < 0.05) compared 
with EMLA; ns compared with no adrenaline. t Significant difference (P < 0.05) compared with no adrenaline; ns compared 
with EMLA 
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EFFECT OF METOCLOPRAMIDE ON RENAL VASCULAR 
RESISTANCE INDEX AND RENAL FUNCTION IN PATIENTS 
RECEIVING A LOW-DOSE INFUSION OF DOPAMINE 


J. MUNN, M. TOOLEY, S. BOLSIN, I. HRONEK, S. LOWSON 


AND J. WILLCOX 


SUMMARY 


Metoclopramide is a dopamine receptor antagonist 
and, in large doses, has been shown to reverse the 
increase in renal blood flow, the diuresis and the 
natriuresis produced by a low-dose infusion of 
dopamine. We gave a single i.v. dose of meto- 
clopramide 10 mg to 21 patients on an intensive 
care unit who were haemodynamically stable and 
receiving dopamine 3 ug kg" min. Renal vascular 
resistance index, measured by duplex Doppler 
ultrasonography, did not change after meto- 
clopramide. Renal function, measured by creatinine 
and osmolar clearance, natriuresis, kaliuresis and 
excretion fractions of sodium and potassium did not 
change after metoclopramide. We conclude that 
normal doses of metoclopramide (< 0.2 mg kg?) 
do not antagonize the renal effects of a low-dose 
infusion of dopamine in critically ill patients (Br. J. 
Anaesth. 1993; 71: 379-382) 


KEY WORDS 
Kidney: function, blood flow. Pharmacology: metoclopramide. 


Low-dose infusion of dopamine causes renal vaso- 
dilatation and is used commonly in critically ill 
patients in an attempt to preserve renal function [1]. 
An increase in renal blood flow has been demon- 
strated by direct blood flow measurements in animals 
[2], by indicator dilution in man [3], by angiographic 
and isotope studies in man [4] and inferred non- 
invasively in man using duplex Doppler [5]. Dop- 
amine also causes an increase in glomerular filtration 
rate, diuresis and natriuresis [3, 6, 7]. 
Metoclopramide is used frequently in critically ill 
patients who are nauseated or have gastric stasis. It 
acts by antagonizing dopamine centrally and per- 
ipherally [8]. Many clinicians are reluctant to pre- 
scribe metoclopramide to patients who are receiving 
dopamine for fear of antagonizing the effect of 
dopamine on kidney perfusion and tubular function. 
Renal plasma flow was reduced after high-dose 
metoclopramide (1-2.5 mg kg™!) was given to chemo- 
therapy patients who were not receiving dopamine 
[9], suggesting that metoclopramide may antagonize 
endogenous dopamine. This finding was not con- 


firmed in healthy volunteers, but the study demon- 
strated that metoclopramide, given by infusion to 
a total dose of 40-70mg, caused a reduction 
in sodium excretion and attenuation of the dop- 
amine-induced increases in renal plasma flow and 
glomerular filtration rate [7]. High-dose meto- 
clopramide (1-10 mg kg?) has been shown to inhibit 
dopamine-induced renal vasodilatation in dogs [10]. 
Metoclopramide in the usual clinical dose of 10 mg 
did not affect the renal vascular resistance of 
volunteers who were not receiving dopamine [11]. 
There have not been any studies of this dose given to 
patients receiving dopamine. 

Duplex Doppler ultrasonography is a safe, non- 
invasive and rapid method of studying resistance to 
blood flow in the renal vasculature and has been used 
recently in volunteers [11], critically ill patients [5, 
12] and patients with renal disease [13]. Several 
indices have been derived from the duplex Doppler 
trace of a blood vessel which indicate resistance to 
flow downstream from the site of recording. From 
the renal artery and the renal segmental arteries one 
can measure renovascular resistance. Using a canine 
model of increased microvascular resistance Norris 
and Barnes demonstrated a strong correlation be- 
tween resistance measured by duplex Doppler and 
by an invasive method [14]. Duplex Doppler has 
recently been shown to be a useful method of 
monitoring transplanted kidneys for rejection, and 
Rasmussen and Pedersen have shown the technique 
to be precise when the renovascular resistance was 
measured repeatedly in patients after transplantation 
[15]. 

In this study we investigated the effects of 
metoclopramide in critically ill patients who were 
receiving dopamine 3 ug kg! min?. We used du- 
plex Doppler to measure the resistance index (RI) of 
the renal vasculature. Renal glomerular and tubular 
function was measured by conventional clearance 
and excretion fraction measurements. 


Joura MUNN*, B.SC, M.R.C.P., F.R.C.A.; MARK TOOLEY, B.SC., 
M.SC., PH.D., G.ENG., M.I-E.E.; STEVEN BOLSIN, B.SC., F.R.G.A.; 
IVAN HRONBK, M.D.; STUART LOWSON, B.SC., M.R.C.P., F.R.C.A.5 
JuLiIA WILLCOX, B.SC, D.c.R.(R.); University Department of 
Anaesthesia, Bristol Royal Infirmary, Bristol. Accepted for 
Publication: March 8, 1993. 

*Address for correspondence: Department of Anaesthesia, 
Southmead Hospital, Southmead, Bristol. 


380 


PATIENTS AND METHODS 


We studied 21 adult patients in the Intensive 
Therapy Unit. The study was approved by the 
District Ethics Committee and all patients or next- 
of-kin gave informed consent. Fifty percent of the 
patients had undergone major vascular surgery and, 
among the others, there were equal numbers recov- 
ering from major trauma, general surgical and 
general medical conditions. No patient had been in 
established renal failure or had undergone any 
surgery involving the renal tract. All patients had 
been receiving an i.v. infusion of dopamine 3 ug 
kg"! min~! for at least 24h as part of their routine 
management. They had all demonstrated haemo- 
dynamic stability, were in sinus rhythm, had a 
urinary catheter in situ and had not received another 
inotrope, a diuretic or antiemetic for at least 8h 
before the start of the study. No patient was 
nauseated at the time of the study. The patients were 
either breathing spontaneously or were undergoing 
mechanical ventilation of the lungs, but the mode of 
ventilation was not changed during the study. No 
patient was receiving continuous positive airway 
pressure. In those ventilated with positive end- 
expired airway pressure (PEEP), PEEP was 4cm 
H,O or less and was not changed during the study. 
Nine of the patients were receiving extradural 
infusions (0.167% bupivacaine with or without 
diamorphine) for postoperative analgesia. The 
patients remained well oxygenated and received i.v. 
fluid at a constant rate throughout. 

Each study lasted for 120 min. The patient’s heart 
rate, arterial pressure and central venous pressure 
was recorded at 60, 75, 90 and 120 min. Meto- 
clopramide 10 mg i.v. was given at 60 min. RI was 
measured at 60 min (before metoclopramide) and at 
75 and 90 min. Urine was collected for 1h before 
metoclopramide and for 1 h after. The bladder was 
compressed to ensure complete emptying at the end 
of the collections. A blood sample was taken at 
60 min. Renal clearances of creatinine, urea and 
osmolar load and the excretion rate and excretion 
fraction of sodium and potassium were calculated for 
the two l-h periods before and after administration 
of metoclopramide. 

The patient’s kidneys were imaged using a 
mechanical sector ultra sound scanner, ATL 860C 
(Advanced Technology Laboratories UK, Letch- 
worth, Herts). The right kidney was scanned because 
of its anatomical site and ease of imaging. If the right 
kidney could not be imaged well, the left kidney was 
used. The Doppler sample volume was used to scan 
the upper or lower pole of the kidney until the 
strongest consistent signal was obtained from an 
interlobar artery. The same point was chosen for 
subsequent recordings in that patient. All three sets 
of recordings in each patient were carried out by the 
same observer. The Doppler signal was analysed by 
a dedicated Doppler spectrum analyser, Dopstation 
(Scimed, Bristol, U.K.), and the frequency shift 
spectra recorded and stored on computer. Each set of 
recordings consisted of at least 25 cardiac cycles, 
although normally more than 50 cardiac cycles were 
recorded and analysed. All readings were taken in 
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TABLE I. Mean (SD) renal resistance index (RI) in 16 patients, 
measured by duplex Doppler before and after metoclopramide 
(metocl.) 10 mg. No significant differences 








Before metocl. After metocl. 
60 min 75 min 90 min 
RI 0.671 (0.078) 0.674 (0.074) 0.68 (0.07) 





expiration. The Doppler recordings were subse- 
quently analysed, and RI calculated, by one observer 
who was blinded to the timing of the recording 
relative to the injection of metoclopramide. 

RI is the ratio of the difference between the 
Doppler peak systolic frequency shift and the end- 
diastolic frequency shift divided by the peak systolic 
frequency shift. The smaller the RI, the less the 
impedance to flow downstream from the site of 
recording : 


peak systolic frequency shift — 
RI = diastolic frequency shift 

-~ peak systolic frequency shift 

RI results and haemodynamic measurements were 
compared using analysis of variance for repeated 
measures. Results of the renal function tests for the 
l-h periods before and after administration of 
metoclopramide were compared using the Wilcoxon 
signed-rank test. 


RESULTS 


Doppler recordings were obtained from 16 patients 
and full biochemical results from 17 patients. 

Heart rate, central venous pressure and systolic, 
mean and diastolic arterial pressures remained 
unchanged throughout the study. 

There was no difference in mean RI before 
injection of metoclopramide at 60 min (0.671 (SD 
0.078)) and after metoclopramide at 75 min (0.674 
(0.074)) and 90 min (0.68 (0.07)) (table I). 

Neither urine volume nor any renal function tests 
differed when the l-h periods before and after 
administration of metoclopramide were compared 
(table IT). 


DISCUSSION 


We found that metoclopramide did not affect RI of 
the renal vasculature in patients who were receiving 
a low-dose infusion of dopamine. Measures of renal 
function were also unchanged by metoclopramide. 
In this study we did not attempt to demonstrate any 
change in renal vascular RI or renal function 
produced by dopamine because the patients were 
heamodynamically unstable at the time the dopamine 
infusion was started, which was at least 24 h earlier. 
However, many investigators have shown that low- 
dose dopamine causes renal vasodilatation [2—5] and 
increases in glomerular filtration rate, diuresis and 
natriuresis [3, 6, 7]. The differences between our 
results and others which have shown that meto- 
clopramide reduced the renal effects of dopamine in 
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TABLE II. Renal function tests (normal range and median (range)) in 17 patients for l-h periods before and after 
metoclopramide 10 mg. No significant differences 


Renal function test Normal range 

Urine volume > 30 
(ml h) 

Creatinine clearance 1.24--2.08 
(ml s-1/1.73 m? BSA) 

Osmolar clearance 0.033—~-0.066 
(ml 37?) 

Sodium excretion 2.08-8.33 
(mmol h7!) 

Excretion fraction 0.41.25 
sodium (%) 

Potassium excretion 1.04-4.17 
(mmol h7+) 

Excretion fraction 4-19 


potassium (%) 


animals [10, 16] and in man [7] could be explained 
by the fact that we gave metoclopramide by the usual 
method of administration (slow i.v. injection) and in 
the usual clinical dose (10 mg). Previous investi- 
gators gave metoclopramide in very large dosage 
(between 1 and 10 mg kg“) or by infusion. Similarly, 
in patients who were not receiving dopamine, renal 
plasma flow decreased after large doses of meto- 
clopramide [9], but renal RI in volunteers did not 
change after metoclopramide 10 mg [11]. 

These differences between our findings and those 
of previous investigators could be explained by a 
dose-dependent effect of metoclopramide on the two 
dopamine receptor subtypes. Dopamine has several 
different actions in the kidney, including vaso- 
dilatation [2-5] and inhibition of the tubular Na/K- 
ATPase pump [17], which are mediated by DA-1 
receptors. Stimulation of DA-2 receptors reduces 
the release of noradrenaline from sympathetic nerve 
endings, causing central nervous system and endo- 
crinological effects, including inhibition of release of 
aldosterone [18,19]. Metoclopramide has been 
classified as a DA-2 receptor antagonist [19], or as a 
D-2 antagonist using Kebabian’s classification of 
dopamine receptors [18], but this may be true only in 
small doses [20]. It is possible that high-dose 
metoclopramide also antagonizes the DA-1 receptor, 
which would explain the results reported previously. 
Dopamine also acts at adrenergic receptors, with 
beta effects predominating in the dose range 5—10 pg 
kg~! min“ and alpha effects with doses greater than 
10 ug kg min“. There is a large inter-patient 
variability and it is probable that dopaminergic and 
adrenergic receptors are active to some extent 
throughout the dose range [19]. However, although 
dopamine has inotropic effects in some patients at 
infusion rates as small as lyugkg min™t, the 
increase in renal blood flow and natriuresis which 
occurs is proportionately much greater than the 
increase in cardiac output [3]. 

The Doppler frequency shift has been used in 
other studies [5] to investigate changes in renal blood 
flow. This measurement requires knowledge of the 
anatomy of the artery and the angle between the 
ultrasound beam and the artery being studied. In 
this study, we could not be certain of imaging the 
same artery at the same angle for each set of 


3.06 (1.58~17.0) 


17.13 (7.13--42.63) 


Before After 
60 (22-200) 63 (23-193) 
1.43 (0.52-3.51) 1.49 (0.7-3.0) 
0.028 (0.012~0.094) 0.036 (0.014-0.095) 
3.02 (0.4-17.0) 3.42 (0.34-32.4) 
0.4 (0.056~2.76) 0.38 (0.061—2.63) 


3.13 (1.82-9.1) 


15.36 (8.41-37.41) 


recordings, so we did not measure frequency shift. 
We were thus not attempting to measure either 
blood flow velocity or renal blood flow volume, but 
only changes in resistance to flow. Resistance index 
is a ratio that is independent of the angle of 
interrogation of the vessel studied. Pulsatility index 
is another index of resistance derived from the 
duplex Doppler trace which has been used to 
measure renovascular resistance [15,21], but it is 
more dependent than resistance index on heart rate, 
and for this reason we chose not to use it in this 
study. 

Plasma clearances were measured for 1-h periods, 
instead of 12 or 24h. All patients in this study had 
urinary catheters im situ, thus minimizing the 
possibility of incomplete bladder emptying, which 
may produce inaccuracies in short urinary clearance 
studies. Provided that the urine output is reasonably 
constant, inaccuracies in this method are minimal. 
Only one blood sample was used, as opposed to one 
during each hour, as it was considered that any 
differences in serum concentrations occurring over 
1 h were likely to be so small as to be within the limits 
of laboratory error. One-hour and 2-h creatinine 
clearance studies have been shown to be reproducible 
and comparable to 24-h studies in the healthy 
population and in the critically ill, provided that 
such studies are carefully controlled [22-24]. 

There were wide ranges in the results for all the 
tests of tubular function. The median results for 
some tests were just outside the normal range for the 
healthy population. We believe that this reflects our 
heterogeneous patient group, different degrees of 
physiological stress and effects of dopamine. 

Nine of the patients had functioning extradurals 
for the duration of the study. The extradural 
infusions were not changed and produced no haemo- 
dynamic changes during the study. Previous studies 
have demonstrated that initiation of an extradural 
block affecting the sympathetic outflow to the kidney 
and adrenal medulla (T6—L2) may reduce glomerular 
filtration rate and renal plasma flow by reducing 
arterial pressure [25], although evidence for a direct 
effect on the renal vasculature is conflicting. There is 
no evidence that a continuous extradural infusion 
causes fluctuations in renal blood flow if the patient 
is haemodynamically stable. It is not known if the 
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effect of dopamine is altered if there is a sympathetic 
block causing renal vasodilatation. 
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COMPARISON OF CNS EFFECTS OF PROPOFOL AND 


THIOPENTONE IN CATS 


K. TOMODA, K. SHINGU, M. OSAWA, M. MOURAKAWA AND K. MORI 


SUMMARY 


Using cats with chronically implanted brain elect- 
rodes, we have compared the effects of propofol on 
CNS electrical activities with those of thiopentone. 
Ten cats were allocated to receive either propofol (n 
= 5) or thiopentone (n= 5). Cats were anaes- 
thetized initially with 4% halothane in oxygen. The 
trachea was intubated and the lungs ventilated 
mechanically. A femoral artery and a vein in a 
forepaw were cannulated for arterial pressure 
monitoring and fluid infusion. After the inspired 
concentration of halothane was maintained at 0.5 %, 
EEG in the cortex, the amygdala and the hippo- 
campus, somatosensory evoked potential (SEP) 
and reticular multi-unit activity (R-MUA) were 
recorded. Incremental doses of propofol or thio- 
pentone were administered i.v. at 5-min intervals 
during 0.5% halothane anaesthesia. The cumulative 
doses of propofol and thiopentone were 2, 5, 10 
and 20mg kg, and 4, 10, 20 and 40mg kg”, 
respectively. Arterial pressure was maintained in 
excess of 100mm Hg systolic by infusion of 
phenylephrine. All cats in the propofol group 
survived, but two in the thiopentone group died 
after the adminstration of thiopentone 40 mg kg". 
Changes observed in CNS activity were dose- 
related in all cases. The EEG changed with the 
increments of doses of propofol or thiopentone, 
from fast, small amplitude to complexes of fast and 
slow, large amplitude activities, burst suppression 
and flat EEG. SEP latency was prolonged by both 
agents: the peak latency of N1 changed from 15 
(SD 2) ms to 20 (5) ms with propofol 20 mg kg”, 
and from 14 (7) ms to 27 (2) ms with thiopentone 
40 mg kg’. SEP amplitudes were depressed by 
both agents: the amplitude of N1 was depressed by 
70 (29)% with propofol 20mgkg"' and by 60 
(33) % with thiopentone 40 mg kg"'. The R-MUA 
also was depressed by both agents: 85 (4) % with 
propofol 20 mg kg and 85 (8) % with thiopentone 
40 mg kg. The R-MUA was depressed to 50% of 
control by propofol 3.2 (1.6) mg kg! or thio- 
pentone 6.7 (5.0) mg kg”. These depressive 
actions on the EEG, SEP and R-MUA induced by 
propofol were similar to those induced by twice the 
equivalent doses of thiopentone on an mg kg" 
basis. These results indicate that propofol has the 
same simple depressant effects as thiopentone on 
CNS electrical activity. (Br. J. Anaesth. 1993; 71: 
383-387) 


KEY WORDS 


Anaesthetics, intravenous: propofol, thiopentone. Brain: EEG, 
multi-unit activity, somatosensory evoked potential. 


Propofol is an i.v. anaesthetic which is used for both 
anaesthesia and sedation in ICU patients [1,2]. Our 
laboratory has shown that anaesthetics exert not only 
depressant, but also some stimulant actions on the 
CNS [3, 4]. In the present study, we have attempted 
to determine if propofol has CNS stimulating 
actions. The CNS effects were compared with those 
of thiopentone, which represents a pure CNS 
depressant. 


METHODS 


After approval by the Institutional Committee on 
Animal Research, we studied 10 cats (both sexes, 
weights 2.5-3.5 kg), anaesthetized with pento- 
barbitone 40 mg kg! i.p. for placement of electrodes 
at least 1 week before the study. Stainless steel 
screws, 2.0 mm in diameter, were inserted in the 
frontal bone as reference electrodes and over the 
primary sensory cortex and temporal cortex to record 
the somatosensory evoked potential (SEP) and the 
cortical EEG. Parallel stainless steel wire electrodes, 
0.2 mm in diameter, insulated with epoxylite resin 
except the cut-end tips, with a vertical separation of 
0.5-1.0 mm at the tips, were inserted bilaterally in 
the midbrain reticular formation (A2; L3; H-2, 
according to the atlas of Snider and Niemer [5]) to 
record the reticular multi-unit activity (R-MUA). 
The same wire electrodes were inserted in the dorsal 
hippocampus (A2; L8; H9) and in the medial 
amygdala (Al2; L9; H6). The electrodes were 
connected to a socket which was fixed to the skull 
with dental cement. 

The cats were anaesthetized in a 50-litre 
anaesthesia box, with 4% halothane in oxygen. 
Tracheal intubation was performed with the aid of 
alcuronium, initial dose 1 mg i.v., supplemented as 
required during the study. The lungs were ventilated 
mechanically using a non-rebreathing method 
(Acoma Animal Respirator, AR-300) and anaesthesia 
was maintained with 1 % halothane in oxygen during 
the preparation. A cannula was inserted into the 
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Fic. 1, Effects of propofol on EEG in the cat. CX = Cortex; 
AMY = medial amygdala; DH = dorsal hippocampus. Basal 
anaesthesia was maintained with 0.5% halothane in oxygen. 
Control EEG were small amplitude fast activity. Amplitudes 
increased and background activity slowed with propofol 
2mg kg. Burst suppression patterns appeared with propofol 
5 mg kg! and the period of suppression increased with propofol 
10 mg kg~!. Almost flat EEG occurred with propofol 20 mg kg™. 


femoral artery to permit monitoring of arterial 
pressure and sampling blood for gas analysis and 
measuring the concentrations of propofol; another 
was placed in a forepaw vein for administrations of 
fluids and drugs. For peripheral nerve stimulation, 
two needles were placed, 1 cm apart, subcutaneously 
near the radial nerve in the forepaw contralateral to 
the screw placed over the primary sensory area. The 
inspired concentration of halothane was decreased to 
0.5% in oxygen and was maintained at this value 
during the study. End-tidal carbon dioxide partial 
pressure was measured using an infra-red carbon 
dioxide monitor (Nihonkoden, CO, monitor OIR- 
7101) and was maintained in the range 4.04.6 kPa 
by adjusting tidal volume. Blood-gas analysis was 
performed before administration of propofol or 
thiopentone, and pH 7.40-7.44 maintained using 
sodium bicarbonate i.v. A rectal thermistor (Termo- 
Finer, TIN-DN) was inserted and temperature 
maintained at 37—39 °C with a warm water mattress 
and heating lamp. Arterial pressure was maintained 
in excess of 100 mm Hg systolic by administration of 
phenylephrine. 
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Fic. 2. Effects of thiopentone on EEG in the cat. CX = Cortex; 
AMY = medial amygdala; DH = dorsal hippocampus. Basal 
anaesthesia was maintained with 0.5% halothane in oxygen. 
Spindles were observed in the control cortical EEG. Cortical EEG 
demonstrated small amplitude fast activity with thiopentone 
4mgke i, while hippocampal EEG showed rhythmic theta 
activity. Burst suppression patterns with fast waves appeared with 
thiopentone 10 mg kg™! and synchronized sharp waves occurred 
and the periods of suppression increased with 20 mg kg™'. Almost 
flat REG were observed with thiopentone 40 mg kg. 


EEG were recorded on an eight-channel poly- 
graph (Sanei polygraph Recti-Horiz 8K), and R- 
MUA and arterial pressure on an oscillograph (Sanei 
Rectigraph 8S). SEP were evoked by supramaximal 
(approximately 10 V) square-wave pulses of 0.5 ms 
delivered manually. Ten responses were summated, 
using a computerized signal processor (Sanei 
7S06A), and the resulting traces were plotted on an 
X-Y plotter (Watanabe WX442). Latencies of P1 
and N1 were measured from the application of 
stimuli to the peaks. Amplitudes of components were 
measured as the vertical distances from the pre- 
stimulus level to the peak of components and 
expressed as percent of control. The firing of a 
population of reticular neurones was measured using 
a multi-unit activity technique described previously 
[6]. Briefly, the technique was as follows. The wide- 
band signal obtained from the preamplifier of the 
polygraph was passed to a high frequency band-pass 
filter, the peak frequency response of which was 
1300 Hz, with 30 dB attenuation at 600 and 2500 Hz. 
As the conventional ink-writing oscillograph could 
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not follow such high frequency activities, the output 
was rectified and smoothed with an electronic circuit, 
with a smoothing time constant of 50 ms, and 
expressed as an oscillation in d.c. value: the greater 
the d.c. value the greater the firing of a population of 
units. This signal was recorded on a slow- 
moving oscillograph (Sanei Rectigraph 8S) at a paper 
speed of 5mm min`. The noise level of the 
recording system was estimated by the difference 
between the d.c. levels obtained by inserting either a 
10 kQ resistor or a short across the input in place of 
the animal. The signal was measured as the distance 
from the lower limit of rectified trace to the 10-kQ 
resistor line. The signal to noise ratio exceeded 10 in 
all cases. By this recording technique, neuronal 
discharges were picked up from an area of approxi- 
mately 1 mm radius around the tip of the electrode 
[7]. As the multi-unit activity recorded is dependent, 
not only on the amount of bioelectric activity, but 
also on the impedance of electrodes, calibration of 
MUA was not practical, and changes in the lower 
limit of spontaneous activity of the MUA trace with 
the administration of propofol or thiopentone were 
measured and expressed as percent of activity in the 
control period. Arterial blood concentrations of 
propofol were measured using high pressure liquid 
chromatography (HPLC, Yanaco L-4000W) with 
fluorescence detection (Shimadzu RF-530) by a 
modification of the method of Plummer [8]. 

Cats were allocated to two groups: propofol (n = 
5) or thiopentone (n = 5). The doses of propofol and 
thiopentone for induction of anaesthesia clinically are 
2-2.5 and 4-4.5 mg kg“, respectively, therefore we 
selected the ratio of 1 (propofol): 2 (thiopentone) on 
an mg kg basis for comparisons. The cumulative 
doses studied were 2, 3, 5 and 10 mg kg™ in the 
propofol group and 4, 6, 10 and 20 mg kg™ in the 
thiopentone group, administered cumulatively at 
5-min intervals. One hour after the inspired con- 
centration of halothane was changed to 0.5 %, control 
values were obtained. Measurements and arterial 
blood samples were obtained 2 min after admin- 
istration of each dose. 

Values were expressed as mean (SD). The dose by 
which R-MUA was depressed to 50% of control 
(ED,,),; was calculated by the interpolation method 
in each cat. Effects of the agents were analysed 
statistically using repeated measures analysis of 
variance and paired Students t tests with Bon- 
ferroni’s correction, and were compared with control 
values. Comparisons of effects between propofol and 
thiopentone were analysed using unpaired Student’s 
t tests, and the ratio of the compared doses between 
agents was | (propofol): 2 (thiopentone). P < 0.05 
was considered significant. 


RESULTS 


The systolic arterial pressure was maintained in 
excess of 100 mm Hg in all cats which received 
propofol. However, two cats of five which received 
thiopentone died after administration of thiopentone 
40 mg kg“, during phenylephrine infusion. 

The arterial concentrations of propofol 2 min after 
cumulative administration were 2.01 (0.55), 4.28 
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(0.86), 8.58 (2.37) and 21.61 (7.04) ug ml with 
propofol 2, 5, 10 and 20 mg kg, respectively. The 
correlation between blood concentration and the 
dose was significant (P < 0.001; r = 0.908; n = 20). 

All CNS activities responded to each agent with 
dose-related changes. Cortical EEG changed from 
fast activities to a mixture of fast and slow large 
amplitude activities, burst suppression and finally 
flat recording (figs 1, 2); the burst suppression 
patterns were induced with propofol 5 mg kg or 
thiopentone 10 mg kg. EEG in the deep structures 
showed changes similar to those in the cortical EEG 
(table I, figs 3, 4). R-MUA at maximum doses of 
propofol and thiopentone was 15 (4) % and 15 (8)% 
of control. ED,, for propofol and thiopentone were 
3.2 (1.6) mg kg"? and 6.7 (5.0) mg kg“, respectively. 


TABLE I. Depression of midbrain reticular cell firing (R-MUA) by 

propofol or thiopentone during halothane anaesthesia (mean (SD)). 

Control values = 100%. n = 5, except for thiopentone 40 mg kgo t, 
for which n = 3. *P < 0.05 compared with control 


Propofol 0 2 5 10 20 


(mg kg~*) 
R-MUA(%) 100 59(12)* 36(12)* 23(5)* 15 (4)* 
Thiopentone 0 4 10 20 40 
-1 
R-MUA (%) 100 «55 (14)* 37(18)* 25(9)* 15 (8)* 
Propofol (mg kg™') 
2 3 5 10 
© 
o 
® 
o 
10 kQ 
p} 
5 min 


Fic. 3. Effects of propofol on midbrain reticular multi-unit 
activity (R-MUA) in the cat. Propofol was administered at @; 
cumulative doses were 2, 5, 10 and 20 mg kg. R-MUA was 
measured as height from the line assigned 10 k02. Propofol 
depressed R-MUA in a dose-dependent manner. 


Thiopentone (mg kg!) 


4 6 10 20 





10 kQ 


| A eR A 


5 min 


Fic. 4. Effects of thiopentone on R-MUA in the cat. Thiopentone 

was administered at @; cumulative doses were 4, 10, 20 and 

40 mg kg 4. Thiopentone depressed the R-MUA in a dose- 
dependent manner. 
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Fig. 5. Effects of propofol on somatosensory evoked potential 
(SEP) in the cat. The downward deflection indicates positive. The 
SEP consisted of two waves: the initial downward deflection (P1) 
and succeeding upward deflection (N1). Propofol suppressed the 
amplitude of SEP in a dose-dependent manner. 
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Fic. 6. Effects of thiopentone on SEP in the cat. Thiopentone 
suppressed the amplitude of SEP in a dose-dependent manner; 
peak latencies prolonged with increasing doses of thiopentone. 


TABLE II. Effects of propofol and thiopentone on the somatosensory evoked potential (P1) (mean (SD)). n = 5, except for 
thiopentone 40 mg kg™! for which n = 3. *P < 0.05; ** P < 0.01 compared with control 


Propofol (mg kg7}) 0 2 5 10 20 
Latency (ms) 10.0(1.3) 1020.4)  10.4(1.2) 10.5(1.1) 10.5 (1.3) 
Amplitude (%) 100 90 (11) 84 (10)* 85 (8)* 75 (14)** 

Thiopentone (mg kg™!) 0 4 10 20 40 
Latency (ms) 9.4 (0.4) 9.5 (0.6) 9.8 (0.5) 10.0(0.7)* 12.2 (1.2)* 
Amplitude (%) 100 106 (18) 81 (16) 78 (16)* 78 (25) 


TABLE III. Effects of propofol and thiopentone on the somatosensory evoked potential (NI) (mean (SD)). n = 5, except for 
thiopentone 40 mg kg 1, for which n = 3. * P < 0.05; ** P < 0.01 compared with control 


Propofol (mg kg~1) 0 5 10 20 
Latency (ms) 15.0 (2.3) 16.5(3.1) 19.0(5.1)* 20.1 (4.7)** 20.3 (5.4)** 
Amplitude (%) 100 71 (13)* 54 (18)* 47 (20)**  30(29)** 

Thiopentone (mg kg~*) 0 10 20 40 
Latency (ms) 13.7 (0.6)  14.3(1.2) 18.4(3.1)* 22.8(2.1)* 26.9 (2.3)** 
Amplitude (%) 100 119 (14) 70 (23)** = 56 (14)**  40(23)* 


Effects of propofol on SEP were also similar to those 
of thiopentone: latencies were prolonged and am- 
plitude decreased (figs 5, 6, tables II and III). There 
was no significant difference between effects on the 
SEP produced by propofol and by twice the 
equivalent dose of thiopentone. 


DISCUSSION 


We have found that the effects of propofol on the 
EEG, midbrain reticular cell firing and SEP were 
similar to those of thiopentone. These results suggest 
that propofol is also a simple CNS depressant. 
The basal anaesthesia in the present study com- 
prised halothane in oxygen. We have reported 
previously that halothane is a simple CNS depressant 


[4, 5, 9], which suggests that the depressant effects of 
propofol and thiopentone were additive to that of 
halothane in the present study. However, the 
inspired concentration of halothane was small, 0.5%, 
and the influence of halothane should be small. We 
administered propofol or thiopentone cumulatively 
at 5-min intervals and measurements were obtained 
after 2min. Propofol has been reported to be 
metabolized more rapidly and to have less cumulative 
effects after repeated bolus doses than thiopentone or 
thiamylal [10-12]. Therefore, a comparison of the 
effects of the two agents on the basis of identical time 
schedules might not be appropriate. However, there 
is a report which indicates that an index of 
cumulative effects of propofol differs berween species 
[13]: the “utilization rate”, calculated by dividing 
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the total dose administered by the duration of 
anaesthesia with repeated or continuous admin- 
istration of propofol, was reported to be small 
(0.19 mg kg! min™!) in cats, large (2.22 mg kg 
min‘) in mice and intermediate (0.61 mg kg min“) 
in rats. The small value in cats suggests that 
metabolism of propofol is less in cats than in other 
animal species. It was speculated that cats were 
deficient in their ability to conjugate phenols. 

Although the mechanism underlying the cumulative 
effects of propofol in cats is uncertain, the effects of 
propofol in cats may not diminish as rapidly as in 
other animal species. The depression of R-MUA by 
propofol in the present study did not lessen during 
the 5-min period after each administration of 
propofol (fig. 5), which was similar to the effect with 
thiopentone. We observed no difference between 
propofol and thiopentone in the recovery of R-MUA 
depression induced by bolus injections [unpublished 
observation]. 

EEG changes with doses of propofol smaller than 
those used in the present study had been reported by 
several investigators in rats [13] and in humans 
[14-16] and are in accordance with findings of the 
present study. The blood concentrations of propofol 
associated with burst suppression in the EEG were 
reported to be greater than 8pgml™ [17], 
5.4 ug ml~* during fentanyl-nitrous oxide—propofol 
anaesthesia and 6.3 ug ml“ during fentanyl—propofol 
anaesthesia [18] in humans—values greater than ours 
(4.28 ug mI). This small effective blood concen- 
tration of propofol in our study must reflect an 
additive action of the halothane used to provide 
background anaesthesia in our study. Glen [13] 
reported dissociation between effects on the EEG 
and hypnotic action induced by propofol and 
thiopentone: although burst suppression was pro- 
duced by propofol in a dose close to the median 
hypnotic dose (HD 50), thiopentone induced burst 
suppression in a dose in excess of 2 x HD, in rats. 
Glen reported an anaesthetic dose ratio of pro- 
pofol: thiopentone of 1:1.8, which indicated that the 
dose ratio inducing burst suppression was 1:3.6. 
However, the ratio of these doses in our study was 
1:2, which is similar to the ratio of clinical potency. 
Although we did not study the hypnotic effects of 
propofol or thiopentone and there might be species 
differences, we suspect that there is no dissociation 
between propofol and thiopentone in the ratio of 
their potencies of hypnotic actions to EEG actions. 

The effects of propofol on the SEP were similar to 
those found by Maurette and colleagues [19], who 
reported prolongation of latencies and depression of 
amplitudes of SEP by propofol in humans. 

The ratio of potency of propofol to that of 
thiopentone on the CNS in the present study (2.1:1) 
was close to the anaesthetic ratios reported by Glen 
(1.8:1) [13] and by Grounds, Moore and Morgan 
(1.6:1) [20] and that of 2:1 used in the induction of 
anaesthesia in clinical practice [1,2]. We conclude 
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that propofol has simple depressant actions on the 
activities in the CNS similar to those of thiopentone, 
and that potency of depression by propofol is twice 
that of thiopentone on a dose per body weight basis. 
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EFFECTS OF SEDATION PRODUCED BY THIOPENTONE ON 
RESPONSES TO NASAL OCCLUSION IN FEMALE ADULTS 


T. NISHINO AND T. KOCHI 


SUMMARY 


To test the hypothesis that full wakefulness is an 
important factor in the control of the route of 
breathing in adult humans, we have studied the 
responses to nasal occlusion before and during 
sedation with thiopentone in 14 female subjects. A 
tightly fitting partitioned face mask separated the 
nasal and oral breathing routes. Nasal and oral 
breathing were identified from changes in carbon 
dioxide concentration and airway pressure in the 
different compartments of the face mask. Arterial 
oxygen saturation (Spo,) was monitored simul- 
taneously. Eleven of 14 subjects breathed only 
through the nose (nasal breathers) both before and 
during sedation. In these subjects, the time required 
ta initiate oral breathing in response to nasal 
occlusion during sedation was significantly longer 
than that before sedation (mean 37.7 (SD 15.5) svs 
3.2 (7.3) s(P < 0.07) ). Also, there was a significant 
difference (P < 0.07) in the smallest values of Spo, 
attained during nasal occlusion before 
(98.0 (0.8) %) and after (89.3 (4.3) %) sedation. In 
adult humans the ability to maintain adequate 
ventilation by switching from the nasal to the oral 
route in response to nasal occlusion is greatly 
impaired during sedation, probably because of the 
impairment of conscious influence on the control of 
the palatal muscles. (Br. J. Anaesth. 1993; 71: 
388-392) 


KEY WORDS 
Airway: obstruction. Ventilation: obstruction. 


Ability to change from the nasal route of airflow to 
the oral route during nasal obstruction is crucial for 
maintenance of adequate ventilation. Although the 
physiological mechanisms underlying the change 
from nasal to oral passage are not entirely clear, the 
change of breathing route would depend, not only on 
reflexes, but also on voluntary control of the palatal 
muscles. It is generally believed that airway ob- 
struction during sedation and anaesthesia occurs at 
the pharynx and larynx, because of depression of the 
upper airway dilating muscles [1]. However, it is 
possible also that, even in the presence of a patent 
upper airway, alterations in consciousness caused by 
sedation or anaesthesia may diminish or abolish the 
ability to change the breathing route and lead to 


airway obstruction during nasal occlusion. The 
recent study by Wood and Harding [2] showed, in 
neonatal and mature sheep, that sedating doses of 
pentobarbitone and diazepam depressed the effec- 
tiveness of oral breathing when the nose was blocked. 
It is not clear if nasal occlusion leads to prompt 
alterations of breathing route from the nose to the 
mouth in sedated humans. Consequently, we have 
examined the responses of adult humans to acute 
nasal obstruction during wakefulness and after 
sedation with thiopentone. 


PATIENTS AND METHODS 


We studied 14 female patients aged 25—48 yr (mean 
37.8 yr) undergoing elective surgery (hysterectomy, 
nine patients; mastectomy, five patients) under 
general anaesthesia. All subjects were devoid of 
respiratory, cardiovascular, laryngeal or neuro- 
muscular disorders. None had a history or clinical 
evidence of partial nasal occlusion, nasal pathology 
or nasal trauma. The average heights and weights 
were 157.0 (sp 2.8)cm (range 154-164cm) and 
54.4 (2.8) kg (range 49-58 kg), respectively. The 
study was approved by the Ethics Committee of our 
institution, and each subject gave informed consent. 
The patients received atropine 0.5 mg i.m. 1 h before 
the study, which was carried out in a quiet, warm 
operating room. 

Each patient rested in the supine position for 
10 min with the head resting on a ring support in a 
comfortably neutral position and an air-tight 
custom-made, partitioned face mask (Senkousha, 
Japan) was fitted. A hard rubber septum inside the 
mask separated nasal and oral chambers, each with 
its own opening port (i.d. 9mm, length 40 mm) 
having a side-arm outlet (i.d. 3.5mm). The rubber 
septum was positioned under the upper lip and on 
the outer gum of the patient so that the mouth and 
lips were kept slightly apart. Each mask chamber was 
tested separately for air leaks by pressurizing to 
+10cmH,O and ensuring that the pressure was 
constant for 10s. Deadspace for nasal and mouth 
chambers were 90 and 120 ml, respectively. Nasal 
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Fic. I. Experimental records of respiratory responses to nasal occlusion during the awake state and sedation. Pra = 


Nasal pressure; Pmo = mouth pressure; Spo, = arterial oxygen saturation; C 


= Carbon dioxide concentration at 


the nose; Cmocg, = carbon dioxide concentration at the mouth. Horizontal bars indicate periods of nasal occlusion; 
arrow indicates start of oral breathing. 


pressure (Pna) and mouth pressure (Pmo) were 
measured using pressure transducers (Statham 
P231D) at the opening ports. Carbon dioxide 
concentrations in the nasal chamber (Cnago,) and the 
mouth chamber (Cm0go,) were monitored with 
Datex infra-red carbon dioxide analysers. In this 
way, nasal breathing was reflected in the values of 
Pna and Cnago,, whereas oral breathing was reflected 
in Pmo and Cm0go,. Arterial oxygen saturation 
(Spo,) was monitored continuously using a pulse 
oximeter (Nihon Kohden, Japan). All variables were 
recorded on a Nihon Kohden 8 channel recorder 
(RJ G-4128). 

The patient was asked to close the eyes and 
breathe as normally as possible for 3—5 min without 
instruction as to the breathing route, while listening 
to music through headphones. During this period, 
the patients who breathed only through the nose 
were designated ‘“‘nasal breathers”. The patients 
who breathed through both the nose and mouth were 
designated “‘oronasal breathers”. 

To determine the ability to change the breathing 
route in response to nasal occlusion, in nasal 
breathers the opening of the nasal chamber was 
occluded suddenly during one expiration in such a 
manner that the subject was unable to detect the 
onset of application of occlusion. Nasal occlusion 
was continued until three consecutive oral breaths 
ensued, after which time the occlusion was released. 
Three nasal occlusions were performed in each 
patient and the response time required to start oral 
breathing after nasal occlusion was measured in each 
trial period. Each trial period was separated by 
1 min; three results were averaged for each patient. 
Immediately thereafter, each patient received a 
sedative dose of thiopentone 1.5 mg kg? i.v. Two 
minutes after administration of thiopentone, the 
level of consciousness in each patient was determined 
by physical stimulation and verbal commands; the 
anterior chest wall of the patient was tapped gently 
and the patient asked to open the eyes and squeeze 
the hands. When the patient was capable of rational 
responses, nasal occlusion was performed in those 


patients who continued to breathe only through the 
nose after administration of thiopentone. The re- 
sponse time required to start oral breathing after 
nasal occlusion was measured and this value was 
compared with those obtained in awake state. 
Statistical analysis was performed using the Wil- 
coxon test. P < 0.05 was considered significant. 


RESULTS 


In the awake state, only one patient of 14 was an 
oronasal breather; the others were nasal breathers. 
After administration of thiopentone, all the patients 
became drowsy, but responded to physical stimu- 
lation and verbal commands while maintaining 
airway patency (conscious sedation). During this 
sedated state, 11 of 13 patients who had been 
designated nasal breathers in the awake breathers 
continued to breathe only through the nasal route, 
while two nasal breathers started to breathe through 
both the nasal and oral routes. The patient desig- 
nated as an oronasal breather in the awake state 
continued this pattern after sedation. 

Figure 1 shows the responses to nasal occlusion 
observed in one of the nasal breathers. In this 
particular patient, during full wakefulness (fig. 1) 
nasal occlusion caused immediate cessation of air- 
flow, as shown by the nasal and oral carbon dioxide 
tracings. Oral breathing was initiated some 4 s after 
occlusion of the nasal passage, and there was almost 
no change in Spo,. After the release of nasal 
occlusion, exclusive nasal breathing was resumed 
promptly. 

After sedation (fig. 1) with thiopentone, there 
was a progressive increase in inspiratory efforts 
during nasal occlusion, but the onset of oral 
breathing was greatly delayed, leading to a pro- 
gressive decrease in Spo,. In two nasal breathers, 
nasal occlusion failed to initiate oral breathing within 
60s after occlusion (fig. 2), after which time they 
became hypoxic and the nasal occlusion was released. 
In these patients the response time was recorded as 
60 s, although it was actually longer. 
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Fic. 2. Prolonged airway obstruction in response to nasal occlusion during sedation. Note that no initiation of oral 
breathing occurred during nasal occlusion. See figure 1 for abbreviations. 


TABLE I. Ventilatory frequency (f), end-tidal PCO, (PE cop» and 
Spo, during the conscious state and sedation (mean (SD) [range}). 
xk P< 0.01 compared with conscious state and with before nasal 


occlusion 
Awake state Sedation 
f®.p.m.) 14.5 (1.9) 15.4 (2.3) 
[10.4-18.0] [10.0-18.0] 
(n = 14) 
PE’ co, (kPa) 5.3 (0.52) 5.6 (0.51) 
[4.7-6.5] [4.7-6.5] 
(n = 14) 
Spo, (%) 
Before nasal occlusion 98.2 (0.6) 97.3 (0.9) 
[96-99] [96-99] 
(n= 11) 
During nasal occlusion 98.0 (0.8) 89.3 (4.3)** 
[97-99] [82-95] 


(n = 11) 


The mean response time in the conscious state 
obtained from 13 nasal breathers was 3.0(1.2)s 
(range 1.8-6.3 s). In 11 nasal breathers who con- 
tinued to breathe through the nose after admin- 
istration of thiopentone, the response time during 
sedation (mean 37.7 (15.5)s; range 16—60 s) was 
significantly longer than that in the awake state 
(mean 3.2 (1.3) s; range 1.9-6.3 s) (P < 0.01). Also, 
there was a significant difference in the smallest 
values of Spo, attained during nasal occlusion 
between the awake and sedated states (table I). 


DISCUSSION 


Confirming observations made elsewhere [3—5], we 
have demonstrated that the majority of awake 
patients were nasal breathers during quiet breathing. 
Although the mechanisms and factors responsible for 
a marked preference of breathing via the nose are not 
entirely clear, both physiological and anatomical 
factors may influence the choice of breathing route. 

Rodenstein and Stanescu [3] demonstrated that, 
when the mouth is open, the airflow depends on the 
position and function of the soft palate. Thus when 


the soft palate lies downward against the base of the 
tongue, flow is entirely nasal. In contrast, when the 
soft palate extends horizontally from hard palate to 
posterior pharyngeal wall and closes the naso- 
pharynx, air flows through mouth only. When the 
soft palate lies midway between tongue and posterior 
pharyngeal wall, air flows through both the nose and 
mouth. Two major muscles responsible for the active 
movement of the soft palate are the palatoglossus 
muscle, which directs the soft palate caudally and 
ventrally, and the levator veli palatini, which pulls 
the soft palate cephalad and in a dorsal direction. 

‘The major finding in the present study was that, in 
nasal breathers, the ability to switch from nasal 
breathing to oral breathing in response to nasal 
occlusion was greatly obtunded during sedation with 
thiopentone. This finding is in good agreement with 
that of Wood and Harding [2], who showed, in lambs 
and ewes, that sedation with pentobarbitone and 
diazepam delayed the onset of oral breathing and led 
to a greater degree of asphyxia during nasal ob- 
struction. However, considerable differences exist 
between sheep and humans in responses to nasal 
occlusion. For example, the time required to initiate 
oral breathing after nasal occlusion in awake humans 
obtained in this study (3.0 (1.2) s) is much shorter 
than that reported in awake ewes (59.7 (8.7) s) [2]. 
Also, a considerable decrease in Spo, was observed 
before initiation of oral breathing in awake ewes, 
whereas hypoxaemia was never observed in awake 
humans. These differences in responses to nasal 
occlusion between human and sheep may be ex- 
plained by the difference in voluntary control of 
breathing route. Presumably, in humans the con- 
tribution of behavioural control may play a more 
important role in the change of breathing route than 
in sheep. Most subjects in this study reported that 
they were aware of nasal occlusion during wake- 
fulness and might respond consciously to the 
occlusion. 

The finding that sedation caused delayed onset of 
oral breathing after nasal occlusion supports our 
hypothesis that, in humans, wakefulness is the most 
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important factor in control of the change in breathing 
route. This view is also compatible with the 
observation of Rodenstein, Perlmutter and Stanescu 
[6] that in human infants the time required to initiate 
oral breathing after nasal occlusion is related to age, 
conscious state, or both; that is, infants who are 
older or awake, or both, respond faster than those 
who are younger or sleeping, or both. Similarly, Kuna 
and Smickley [7] observed in normal sleeping adults 
that, during non-REM sleep, oral breathing oc- 
curred only in association with arousal. 

Other factors which may affect the control of the 
route of breathing are chemoreceptor and mechano- 
receptor inputs. Although there is evidence [8, 9] 
that both mechanical and chemical sensory mechan- 
isms are involved in the reflex initiation of oral 
breathing after nasal obstruction in experimental 
animals, the relative contribution of each of these 
factors to the control of oral breathing was not 
explored systematically in this study. However, an 
immediate initiation of oral breathing after nasal 
occlusion in the awake state suggests that at least 
chemical inputs play little or no role in control of 


’ breathing route in awake nasal breathers. In a 


previous study [10], we showed that, in awake 
subjects, topical lignocaine in the nasal passages 
delayed the onset of oral breathing in response to 
nasal occlusion (before lignocaine 4.4 (2.7) s; after 
lignocaine 10.8 (7.8) s), suggesting that sensory in- 
formation arising from upper airway receptors may 
play an important role in controlling the change in 
breathing route. The greater differences found 
between full wakefulness and sedation in our study, 
compared with before and after topical upper airway 
anaesthesia, emphasize the importance of behavi- 
oural factors. 

Whatever the mechanisms may be, some form of 
centrally co-ordinated series of motions such as 
opening the mouth, contracting the muscles of the 
tongue and elevation of the soft palate is necessary to 
open the oral passage and initiate oral breathing. In 
our study, because the mouth was kept open, 
contraction of the muscles of the tongue and 
elevation of the soft palate may have been two major 
factors necessary to create the oral airway. As 
adequate airway patency was maintained before nasal 
occlusion, even during sedation, it is possible that 
the delay in creating an oral airway during sedation 
might be caused mainly by preferential depression of 
activity in the genioglossus and levator veli palatini, 
leaving other airway-maintained muscles unaffected. 

It should be noted that we studied only young 
female patients, and our findings may not be 
applicable to males or more elderly patients. How- 
ever, as the control of the upper airway in males and 
elderly subjects is more capricious [11], it is possible 
that impairment of the ability to change the breathing 
route during sedation may be particularly pro- 
nounced in these populations. 

Our findings may be relevant to the clinical 
problem of airway obstruction during sedation. 
Nasal obstruction could occur as a result of increased 
nasal secretory activity, increased mucosal conges- 
tion or the presence of a nasogastric tube. Under 
such circumstances, impairment of the ability to 


initiate oral breathing could cause airway obstruc- 
tion, despite apparent oral airway patency. It has 
been reported that, in sedated human adults, nasal 
packing for control of epistaxis causes hypoxaemia 
[12, 13]. 

Similar considerations may apply to patients with 
sleep apnoea. Indeed, several reports [14-16] suggest 
that nasal obstruction is an important predisposing 
factor in sleep apnoea. Release of airway obstruction 
during sleep in sleep apnoea patients often coincides 
with central arousal [17]. Although this release of 
oropharyngeal occlusion is considered to be the 
likely mechanism during central arousal, release of 
airway obstruction may result partly from change in 
breathing route from the nose to the mouth. 
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PROLONGED PARALYSIS AFTER LONG-TERM, HIGH-DOSE 
INFUSION OF PANCURONIUM IN ANAESTHETIZED CATS 


R. H. HENNING, M. C. HOUWERTIYES, A. H. J. SCAF, A. DEN HERTOG 


AND S. AGOSTON 


SUMMARY 


We have studied the neuromuscular effects of a 48- 
h infusion of high-dose pancuronium (400 ug kg 
h-') in four cats anaesthetized with pentobarbitone, 
using contraction of tibialis anterior muscles after 
direct and indirect stimulation. After cessation of 
the pancuronium infusion, prolonged paralysis 
existed. The first twitch in the train-of-four stimuli 
(TOF) reappeared 8-12 h after termination of the 
pancuronium infusion. Twenty-four hours after 
termination of the infusion, TOF ratios were less 
than 0.08 and twitch contraction averaged 39 (SE 
&) % of initial values. Twitch contraction after direct 
stimulation did not differ from initial values. An- 
tagonism of paralysis was accomplished with 
neostigmine 60 ug kg” in two animals and neo- 
stigmine 90 ug kg’ and 4-aminopyridine 500 ug 
kg in the others. Steady-state plasma concen- 
tration of pancuronium (2000 ng mF") decreased 
rapidly after termination of the infusion, but then 
stabilized at about 130 ng mF’. These results in- 
dicate that prolonged paralysis after long-term 
administration of high-dose pancuronium is caused 
primarily by failure of neuromuscular transmission, 
most likely caused by the persistent plasma concen- 
trations of the drug in the pharmacologically active 
range. (Br. J. Anaesth. 1993; 71: 393-397) 


KEY WORDS 
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In the intensive care unit (ICU), neuromuscular 
blocking agents are used in doses and for periods of 
time far exceeding those used in the operating room 
[1]. Their long-term administration to ICU patients 
is associated with the development of prolonged 
peripheral muscle paralysis [2-6]. However, it is not 
clear if alterations in the pharmacokinetics of 
neuromuscular blockers or in neuromuscular trans- 
mission secondary to ‘“‘pharmacological dener- 
vation” (possibly related to absolute or relative 
overdosage [2]) are responsible for this prolonged 
paralysis. As the existence of the post-treatment 
paralysis syndrome is clinically well documented for 
pancuronium [1,6], we developed an experimental 
animal model in an attempt to resemble the condi- 
tions in the ICU. With this model we studied the 


effects of prolonged administration of high-dose 
pancuronium on neuromuscular function and its 
pharmacokinetics. 


MATERIALS AND METHODS 


Anaesthesta 


After obtaining institutional approval, we studied 
four adult male cats (3.7-5.9 kg). Anaesthesia was 
induced with pentobarbitone 40 mg kg™ i.p. (Hos- 
pital Pharmacy, Groningen). Anaesthesia was main- 
tained for 72 h by a continuous infusion at an initial 
rate of 1 mg kg h~ administered through an 1.v. 
cannula inserted in a cephalic vein. The trachea was 
intubated and artificial ventilation maintained with 
room air delivered by a V5KG-Narco-Biosystems 
Inc. ventilator, using a frequency of 20 b.p.m. and 
tidal volume of 15 mlkg™ to maintain end-tidal 
Pco, in the range 4.04.5 kPa. Arterial pressure and 
heart rate were recorded continuously (MT 9500 
Astro Med) via a cannula inserted in the carotid 
artery. The urinary bladder was cannulated and 
urine output measured. The core temperature was 
kept at 38+0.5 °C using a heating pad and controlled 
by a temperature probe placed in the oesophagus. To 
maintain fluid balance, glucose in 0.45 % saline and 
Haemaccel were administered by infusion pumps 
(IVAC) to maintain a urinary output of approxi- 
mately 3mlkg"*h-!. The rate of pentobarbitone 
infusion was dictated by arterial pressure and heart 
rate. A central venous infusion of dopamine hy- 
drochloride (Hospital Pharmacy, Groningen) was 
started at an initial rate of 1 ug kg? min“, if mean 
arterial pressure decreased to less than 80 mm Hg. 


Antibiotic regimen 


Selective gut decontamination and systemic anti- 
biotic prophylaxis were used to prevent infection. 
Drinking water was replaced by a solution containing 
tobramycin 20 mg, colistin 100 mg and amphotericin 
B 200 mg dissolved in 100 ml, 24 h before the start of 
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the experiment. Animals consumed at least 75 ml of 
this solution. Antibiotic prophylaxis was provided 
by cefotaxime 25 mg kg™ i.v. administered every 
12 h during the first 60 h of the study. 


Neuromuscular function 


Neuromuscular function was measured using the 
common peroneal nerve-tibialis anterior muscle 
preparation of both legs. Contractions were obtained 
after 15-min periods of stabilization. Silver wire 
electrodes were placed on the nerves. The tendons of 
both tibialis anterior muscles were freed, together 
with a piece of bone, and connected to identical force 
displacement transducers (Maryland Instruments 
Ltd). Indirect muscle contractions were elicited by 
supramaximal square wave stimuli of 0.2 ms dur- 
ation, either as single twitches (0.1 Hz) or train-of- 
four (TOF) (2 Hz for 2 s every 12 s) and recorded on 
a polygraph. Direct stimulation was elicited by 
supramaximal stimuli of 2ms duration (0.1 Hz) 
applied via an electrode placed between the patella 
and lateral condyle and a second electrode inserted 
on the distal tendon of the muscle. 

After initial recordings, the muscle tendons were 
sutured in their original positions and skin was 
closed to prevent infection. During the study, each 
muscle was stimulated differently. The stimulating 
electrodes on the right peroneal nerve were removed 
for the duration of the study and the fasciae and skin 
were closed. The left peroneal nerve was stimulated 
at a frequency of 1 TOF min“ for the duration of the 
pancuronium infusion (48h). For the remaining 
24h until the end of the study, TOF stimuli were 
applied every 15 min for 2 min. Muscle response was 
determined by visual and tactile assessment. At the 
end of the study, electrodes were replaced on the 
right peroneal nerve and the muscle tendons were 
freed and connected to the transducers again. 

Neuromuscular block was induced by a single 
bolus dose of pancuronium 600 ug kg? (Organon 
Teknika), followed by an i.v. infusion of pan- 
curontum 400 ug kg™ h~! for 48 h. Residual paralysis 
present at the end of the study (72 h) was antagonized 
until fade in TOF was abolished as follows. Initial 
antagonism was attempted with neostigmine 
30 ug kg-t, which was repeated twice if recovery of 
fade remained incomplete. If TOF fade persisted 
after three doses of neostigmine, 4-aminopyridine 
500 ug kg (Hospital Pharmacy, Groningen) was 
administered. 


Sampling and analysts 


During the pancuronium infusion, samples of 
blood and urine were obtained every 8 h; thereafter, 
samples of blood were obtained every 4h, whereas 
urine was sampled every 8h. The volume of each 
blood sample withdrawn (2 ml) was replaced by an 
equal amount of Haemaccel. At the end of the 
experiment one bile sample (> 8 ml), the liver, 
kidneys, lungs and tibialis anterior muscles, and 
some cartilage tissue were removed and weighed. 
Blood and urine samples and tissue specimens were 
stored at —18 °C until required for chemical analy- 
sis. 

The concentrations of pancuronium and its puta- 
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tive metabolites, 3-desacetyl, 17-desacetyl and 3, 17- 
desacetyl pancuronium, were determined by high 
pressure liquid chromatography (HPLC) and post- 
column ion pair extraction with fluorimetric de- 
tection, according to the method described for 
vecuronium [7]. 


Statistical analysts 


Because of the small number of experiments, most 
data are presented without summary statistics, 
otherwise as mean (SE). Statistical analysis was 
performed by paired and unpaired Student’s t test 
or the Mann-Whitney U test as indicated. Differ- 
ences were considered significant at P < 0.05. 
Analysis of pharmacokinetic data was performed 
with RUGFIT [8], a computer program using 
iterative non-linear regression analysis. 


RESULTS 


Experimental conditions 


Anaesthesia and prolonged artificial ventilation 
were tolerated well for 72 h by the four animals and 
no signs of infection or changes in end-tidal carbon 
dioxide partial pressure, temperature or urinary 
output were observed. The rate of infusion of 
pentobarbitone was reduced from 1 mg kg! h™ to 
approximately 20 % of the initial infusion rate in the 
course of the study. Maintenance of mean arterial 
pressure greater than 80 mm Hg required the in- 
fusion of dopamine in three animals (cat No. 1 
during the period 36-62 h (2.6 (0.7) ug kg min“); 
cat No. 3: 26-48 h (2.5 (0.5) ug kg"? min“); cat No. 
4: 26-30 h (4.5 (2.1) pg kg? min“). Mean arterial 
pressure and heart rate increased significantly after 
cessation of the infusion of pancuronium (fig. 1) 
(MAP from 89.4 (2.1) mm Hg to 114.4 (3.3) mm Hg 
(P < 0.01; Mann-Whitney U test); heart rate from 
135 (12) beat min™ to 170 (13) beat min™ (P < 0.05; 
Mann-Whitney U test) during the 4 h before and 4 h 
after termination of the infusion of pancuronium). 


Neuromuscular function 


The first twitch contractions in response to 
indirect TOF stimulation of the left tibialis anterior 
muscle could be observed about 10h after the 
discontinuation of the pancuronium infusion (cats 
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Fic. 1. Mean arterial pressure (MAP) (@) and heart rate (HR) 

(V) during the study (mean, sk). After an initial bolus dose of 

600 ug ke~', pancuronium was infused at 400 pg kg! h~t during 

48 h. Significant differences from previous period: *P < 0.05; 
**P < 0.01 (Mann-Whitney U test). 
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Nos 1—4: 8h, 12h, 12h and 9h, respectively). At 
the end of the study (24h after termination of the 
pancuronium infusion) muscle paralysis was still 
present: TOF ratios were 0.08 or less, while the 
twitch tension evoked by indirect stimulation aver- 
aged about 40% of values observed at the start of 
the study (table I). Complete abolition of fade in the 
TOF response was accomplished with two doses of 
neostigmine (total: 60 ug kg) in cats Nos 1 and 2. 
In the other two animals, TOF ratio was 0.81 (0.05) 
(n = 4) after three doses of neostigmine (total dose 
90 ug kg). Further antagonism of neuromuscular 
block in these two animals was attempted by 
increasing the acetylcholine concentration by stimu- 
lating its release from the nerve ending by adminis- 
tration of 4aminopyridine 500 ugkg?; this 
abolished TOF fade, but also augmented slightly the 
first twitch in the TOF, by 10.2 (2.7% (n = 4). 
After complete reversal of TOF fade, indirectly 
evoked twitch tensions had doubled, on average, to 
about 84% of initial values (table I). There were no 
explicit changes in directly evoked muscle con- 
traction, assessed before antagonism of block, com- 
pared with initial values (table II). 


Plasma concentrations 


The steady-state plasma concentration of pan- 
curonium observed during continuous infusion de- 
creased rapidly after termination of the infusion and 
stabilized at approximately 130 ng ml“, with only an 
extremely slow further decline until the end of the 
study (fig. 2). Plasma concentrations of 3-desacety! 
pancuronium were measurable in only two animals. 
The plasma concentration curves of this metabolite 
followed a pattern similar to that of the parent 
compound, but at considerably smaller concen- 
trations, approximating 20 ng m1“! during the plateau 
phase at the end of the study (fig. 2). During 
processing, the 48-h sample from one study was lost 
(cat No. 1). In the remaining three animals, the 
plasma concentration decay curve of pancuronium 
was described best by a bi-exponential equation. 
The half-life of the first component of the curve, 
estimated by computer fitting, was 87 min, 41 min 
and 61 min in cats Nos 2, 3 and 4, respectively. The 
half-life of the second component could not be 
determined reliably, but was estimated to be longer 
than 3 days. The volume of distribution of pan- 
curonium at steady state (VS) was calculated as the 
quotient of the body content and the plasma 
concentration at 48 h. Body content of pancuronium 
(10.3 (0.3) mg kg~!; n = 4) was estimated assuming 
exclusive renal excretion of the drug—9.5 (0.3) mg 
kg at 48h. Hence VS was estimated as 5.2 
(0.7) litre kg7?. 

The recovered amounts of pancuronium and two 
of its desacetyl derivatives are summarized in table 
III. The total amounts of unchanged pancuronium 
in urine, liver and bile were about 56%, 11% and 
11% of the administered dose, respectively. Two 
metabolites, the 3-desacetyl and the 17-desacetyl 
derivatives, were also detected in the urine, bile, 
liver and kidneys, but in negligible amounts. The 
total recovery of unchanged pancuronium in this 
study was about 82% of the administered dose. 


TABLE I. Post-treatment indirectly stimulated twitch tension before 

and after antagonism by neostigmine and 4-aminopyridine (4-AP), 

expressed as percentage of control values, for the stimulated (left) and 
unstimulated (right) side in individual cats 


Before After 

antagonism antagonism 
Cat Left Right Left Right 
No. Antagonist (%) (%) (%) (%) 


I Neostigmine 60 ug kg? 315 365 60.5 87.5 

2 Neostigmine 60 ug kg? 66.2 41.2 82.7 50.9 

3  Neostigmine 90 ug kg? 60.8 24.6 104.9 79.3 
+4-AP 500 ug kg” 

4 WNeostigmine 90 ug kg! 32.0 19.7 100.0 103.8 
+4-AP 500 pg kg`! 


"TABLE II. Post-treatment twitch tension as percentage of the control 


values on direct stimulation 
Cat No. Left (%) Right (%) 
1 116 93 
2 80 63 
3 93 65 
4 100 100 
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Fic, 2. Plasma concentration of pancuronium (open symbols) and 

its 3-desacetyl derivative (filled symbols) in individual cats. After 

an initial bolus dose of 600 ug kg, pancuronium was infused at 

400 ug kg? h“? during 48h. 3-Desacetyl pancuronium was 
detected in only two animals. 


TABLE III. Percentage of the total dose (19800 ug kg~*) recovered at 

the end of the study as unchanged pancuronium and tts 3-desacetyl 

and 17-desacetyl derivatives from urine, bile and various organs 

(mean (SB); n = 4). Recovery in muscle was based on an estimated 
muscle weight of 40 % of total body weight 


3-Desacetyl 17~Desacetyl Total 
Pancuronium pancuronium pancuronium recovered 


Source (%) (%) (%) (%) 
Urine 53.6 (3.1) 2.1 (0.5) oe 55.6 (3.0) 
Liver 8.0 (0.8) 2.7 (0.3) ae 10.9 (1.1) 
Bile 8.5 (1.0) 2.0 (0.4) 0.4(0.1) 10.9 (1.5) 
Muscle 3.6 (1.6) = ate 3.6 (1.6) 
Kidney 0.5 (0.2) 0.1 (0.1) 2 0.6 (0.2) 
Lung 0.2 (0.1) = = 0.2 (0.1) 
Cartilage 0.1 (0.1) = ms 0.1 (0.1) 
Total 74.5 (3.4) 6.9 (0.7) 0.4(0.1) 81.6 (4.0) 

DISCUSSION 


In three pilot studies (not described here) we 
observed that infection, probably through the open 
wounds of the nerve-muscle preparation, is un- 
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avoidable in spite of antibiotic prophylaxis. For this 
reason we closed the wounds after the initial 
measurements and resumed quantitative neuro- 
muscular monitoring 24h after termination of the 
pancuronium infusion. The prophylactic antibiotic 
regimen was designed to exclude possible effects on 
neuromuscular function or the pharmacokinetics of 
pancuronium. Selective gut decontamination by 
non-absorbable antibiotics was used [9]. To provide 
systemic antibiotic prophylaxis a cephalosporin 
(cefotaxime) was chosen, as this group of antibiotics 
does not influence neuromuscular function [9, 10]. 

The conditions of the study were satisfactory as 
reflected by the haemodynamic status, blood-gas 
values and renal function. During the infusion of 
pancuronium, there was a decrease in heart rate and 
mean arterial pressure, but rapid restoration of these 
variables to control values after termination of the 
pancuronium infusion (fig. 1), suggesting a drug- 
related effect. The probable mechanism is ganglion 
block, which occurs at both sympathetic and para- 
sympathetic ganglia. As the circulatory system of 
anaesthetized animals is usually under increased 
sympathetic tone [11,12], block of nicotinic recep- 
tors in autonomic ganglia would be expected to 
decrease mean arterial pressure and heart rate. 
Although pancuronium does not produce ganglion 
block in doses which provide neuromuscular block 
[12], very large bolus doses of the agent have been 
reported to produce ganglion block in the cat [13]. 
Additional effects on sympathetic nerves that may 
account for the circulatory effects of large concen- 
trations of pancuronium are the depletion of nor- 
adrenaline in nerve terminals because of inhibition of 
re-uptake [14,15] and the decrease of noradrenaline 
release as a result of block of presynaptic muscarinic 
receptors [16]. 

After cessation of the 48-h pancuronium infusion, 
spontaneous recovery of muscle function was pro- 
tracted, as demonstrated by the appearance of the 
first twitch of the TOF response only 10h after 
termination of the pancuronium infusion. At the end 
of the study, 24h after termination of the infusion, 
TOF fade was marked and single twitch tension 
decreased compared with values obtained at the start 
of the study. This prolonged paralysis was probably 
caused by failure in neuromuscular transmission, 
rather than decline in skeletal muscle function, in 
view of the less obvious decrease in muscle con- 
traction evoked by direct stimulation. This is 
supported further by the observation that repeated 
administration of neostigmine largely restored TOF 
response and increased single twitch tension. An 
additional recovery in TOF response and single 
twitch tension was observed in the two animals in 
which neostigmine incompletely antagonized TOF 
fade response after administration of 4-amino- 
pyridine. The action of 4-aminopyridine might be 
explained by its action on nerve endings, enhancing 
acetylcholine release, but also by direct stimulatory 
effects of the compound on muscle contraction [17]. 

The pharmacokinetics of pancuronium after long- 
term administration differed from its bolus dose 
kinetics. After termination of a steady-state infusion, 
one would expect the plasma concentration curve to 
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follow a decay curve characterized by the same half- 
lives as after single bolus injection. However, after 
prolonged administration, the relatively rapid de- 
crease in plasma pancuronium concentration after 
termination of the infusion was followed by a plateau 
phase from which decline was so slow that no reliable 
half-life could be determined (> 72 h). Although the 
estimate of initial half-lives of the plasma con- 
centration decay curves (41-96 min) may not be very 
accurate because of too few sampling points, these 
half-lives are in the same range as the elimination 
half-life (32 min) observed after a single bolus 
injection of pancuronium in the cat [18]. The 
extremely prolonged terminal half-life (> 72h) 
observed in this study was accompanied by an 
enlarged volume of distribution. As a considerable 
amount of pancuronium was recovered from the 
liver (2.2 mg kg“), this organ might serve as the 
principal store. Pancuronium has been shown to be 
stored preferentially in the mitochondrial fraction of 
isolated rat liver and to be excreted in bile less 
efficiently than other neuromuscular blocking agents 
[19]. The supposition that the hepatic uptake of 
pancuronium represents a deep compartment re- 
sponsible for the large volume of distribution is 
supported by a study in rats [20], which showed the 
presence of radiolabelled pancuronium in the liver 
up to 1 month after i.p. injection of a single bolus of 
0.3 mg kg". 

In agreement with earlier studies [18,20] the 
results of the present study show that pancuronium 
is excreted mostly unchanged in the urine and bile. 
In addition, considerable amounts were recovered 
from the liver. The extent of biotransformation of 
pancuronium was limited and of the same order of 
magnitude as reported previously [18, 20]. Total 
recovery of pancuronium and its metabolites was 
about 82% of the administered dose—similar to the 
total recovery of 84% and 80% reported by other 
authors [18, 20]. 

It is unclear to what extent the persistent plasma 
concentrations of pancuronium contributed to the 
prolonged paralysis observed in this study, as no 
concentration-effect relationship for pancuronium 
has been described in the cat. However, human data 
with pancuronium [21] suggest that the above 
concentrations are pharmacologically active. There 
are few kinetic data of patients treated for prolonged 
periods of time with large doses of pancuronium, but 
the existence of a deep compartment may be 
anticipated and is supported by a case report of 
pancuronium overdosage [22] in a patient with renal 
failure who had received about pancuronium 
15 mg kg“! during 4 days and retained pharmaco- 
logically active plasma concentrations of pan- 
curonium and 3-desacetyl pancuronium for several 
days after administration, despite continuous haemo- 
filtration and intermittent dialysis. Moreover, large 
amounts of pancuronium and its 3-desacetyl metab- 
olite were recovered from the liver and muscle of this 
patient 6 days after infusion, at postmortem exam- 
ination [22]. Existence of a deep compartment for 
pancuronium in man, however, does not exclude its 
use per se in ICU patients, as the plasma con- 
centration of the associated plateau phase is pro- 
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portional to the administered dose. Therefore, this 
pharmacokinetic complication may be attenuated if 
administration of the drug is guided by adequate 
neuromuscular monitoring. 
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SOLUBILITY CHARACTERISTICS OF THE IDEAL AGENT FOR 
MEASUREMENT OF CARDIAC OUTPUT BY SOLUBLE GAS 


UPTAKE METHODS 


R. R. KENNEDY AND A. B. BAKER 


SUMMARY 


Measurements of the rate of uptake of soluble gases 
such as nitrous oxide or acetylene has been used as 
the basis of a method of cardiac output estimation 
since 1912. Using theoretical models of single, 
multiple and rebreathing techniques of cardiac 
output measurement, we determined the effect of 
solubility in blood and lung tissue on the changes in 
the final expired concentration of the gas. 
Decreasing lung tissue solubility increased the 
sensitivity of all three models to cardiac output 
changes. When the lung tissue/blood partition 
coefficient was 1, the optimum blood/gas partition 
coefficients were 2.6 for the single-breath model, 
4.1 for the three breath-meodel and 3.5 for the 
rebreathing model. A selection of gases, including 
volatile anaesthetic agents was studied using the 
same models. Under most conditions, enflurane 
approximated most closely to the requirements for 
an ideal agent for use in this technique of cardiac 
output measurement. (Br. J. Anaesth. 1993; 71: 
398-402) 


KEY WORDS 
Heart: cardiac output. Measurement techniques: cardiac output. 


The rate of uptake of soluble gases from the lungs 
may be used to quantify cardiac output. Many gases 
have been used for this purpose, including oxygen, 
carbon dioxide, acetylene and nitrous oxide. The 
techniques have been reviewed comprehensively 
by Sackner [1]. 

The use of non-physiological gases (that is, not 
oxygen, carbon dioxide or nitrogen) for this purpose 
has the particular advantage that the venous con- 
centration may be assumed to be zero, provided all 
measurements are completed before recirculation 
occurs. In man, without significant cardiovascular 
disease, recirculation occurs after 14-18 s at rest and 
after 8 s during heavy exercise [2,3]. In general, the 
agents used are those which anaesthetists consider 
relatively insoluble, with blood/gas partition co- 
efficients (Abl/g) less than 1, such as nitrous oxide [2, 
4] (Abi/g = 0.47) and acetylene [5-7] [Abl/g = 0.74). 
Physiologists frequently describe such gases as 
soluble, in contrast to the “insoluble gases” such as 
helium and sulphahexafluoride. 

Assuming uptake is perfusion-limited, the rate of 


uptake of any agent is proportional to the solubility 
in blood of that agent. Therefore, a more soluble 
agent is taken up initially at a greater rate than a less 
soluble gas, producing a larger reduction in alveolar 
concentration which should be easier to measure. 

Studies with ether [4,8] (AbI/g = 13) and acetone 
[4] suggest they are “‘too soluble”, particularly in the 
mucosa of the airway and other parts of the 
ventilatory tract not forming part of the gas exchange 
space. These gases diffuse into these tissues during 
inspiration, but only a small amount is removed by 
blood flow; most of the gas remains in the tissue and 
is released into the airway during expiration, con- 
taminating the expiratory alveolar gas sample. This 
“extra-alveolar” uptake does not appear to be a 
problem with relatively insoluble agents such as 
nitrous oxide and acetylene [4]. Recent theoretical 
[9] and experimental [5] work also suggested there is 
more variability in results obtained using ether than 
when acetylene is used. Agents with solubilities 
between those of acetylene and ether have not been 
studied previously. 

We hypothesized that modern volatile anaesthetic 
agents such as halothane (Abl/g = 2.4), enflurane 
(Abl/g = 1.9) and isoflurane (Abl/g = 1.5) might fall 
in the middle ground, with greater blood solubility 
producing a useful increase in concentration change, 
whilst not being so soluble as to contaminate end- 
tidal samples. 

The aim of this study was to determine the 
conditions which produced the greatest change in 
expired concentration (FA) as a fraction of inspired 
concentration (F1) (Fa/F1) for a given change in 
cardiac output. We also wanted to rank different 
soluble gases, and particularly volatile anaesthetics, 
in the same way, to determine which are the most 
sensitive to cardiac output changes. The second part 
of our hypothesis, which considers the effect of 
extra-alveolar solubility, required experimental work 
and is not part of the studies reported here. 


R. R. KENNEDY*, M.B., GH.B., F.A.N.Z.C.A.; A. B. BAKER}, M.B., 
B.S., D.PHIL., F.A.N.Z.C.A., F.R.C.A.; Department of Anaesthesia 
and Intensive Care, Otago Medical School, University of Otago, 
Dunedin, New Zealand. Accepted for Publication: March 8, 
1993. 
Present addresses: 

*Department of Anaesthesia, The Christchurch School of 
Medicine, PO Box 4345, Christchurch, New Zealand. 

t Department of Anaesthetics, University of Sydney, Royal 
Prince Alfred Hospital, Camperdown, Sydney, Australia. 


wey 


IDEAL SOLUBLE AGENT FOR CARDIAC OUTPUT 399 


METHODS 


To describe the relationship between cardiac 
output and expired concentration, we used three 
mathematical models representing different venti- 
latory manoeuvres: a single breath; three breaths, 
with the same inspired concentration for each breath; 
and rebreathing with the inspired concentration for 
each of seven breaths determined by the contents of 
the rebreathing bag. 

The relationship between the rate of uptake and 
cardiac output (taking cardiac output (Q) to be equal 
to the effective pulmonary blood flow) is described 
by the Fick equation [10,11] which states that, for a 
substance Z: 


rate of uptake of Z 
= Q. [arterial — venous content of Z] 


which may be written as: 
rate of uptake of Z = Q.Abl/g.[Fa— Fv] 


where Abl/g = the blood/gas partition coefficient; 
Fa and Fv = arterial and venous partial pressures, 
respectively, of Z (expressed as fractions of ambient 
atmospheric pressure). If uptake is not diffusion- 
limited, Fa = Fa, where FA = fractional alveolar 
concentration. 

During a breath-holding period and while Fv = 0, 
it can be shown [4, 12] (using the abbreviations listed 
in the Appendix) that: 


Fa = Fay.exp—[Abl/g.Q.t/Vae"] (1) 
where t = time since the end of inspiration; FA, = 
concentration at time t = 0; Vac" = effective alveolar 
volume, assuming perfect instantaneous mixing into 
homogeneous alveoli and constant alveolar volume. 

After the initial inspiration, FA, is given by: 
Fa, = F1. (VT — VD)/ Va (2) 
Combining these equations gives: 


Fa = Fi.[((VtT— Vb)/Vae"].exp—[Abl/g. Ò. t/ VA] 
(3) 


or, dividing both sides by FI: 
Fa/Fi = [((Vt— VD)/ Va] exp —[Abl/g.Q.2/Var"] 
(3a) 


Many gases dissolve readily in the lung tissue itself 
and reach equilibrium in less than 2 s [13]. Thus the 
product of the lung tissue/gas partition coefficient 
(Alu/g) and the lung tissue volume (Vlu) represents 


TABLE I. Specific agents studied and partition coefficients used. 
Values are those used by Lowe and Ernst [16], except for helium [4] 


Partition coefficient 


Agent Blood/gas Lung/blood Lung/gas 
Helium 0.0086 1.07 0.0092 
Nitrous oxide 0.47 1.0 0.47 
Acetylene 0.75 1.03 0.77 
Isoflurane 1.5 1.8 2.7 
Enflurane 1.9 1.3 2.5 
Halothane 2.4 2.0 4.8 
Methoxyflurane li 2.1 23.1 
Ether 13 1.0 13 


an extra “‘space”’ that acts as if it were part of the 
alveolar gas space [4,14]. The lung tssue/gas 
partition coefficient is the product of the blood/gas 
and lung tissue/blood partition coefficients. Hence: 


Vat! = Va y+Abl/g.Alu/bl. Vlu (4) 
or 
Va = Vay+Alu/g. Vlu 


represents the total “volume of distribution ” of the 
particular agent. Using the values for tissue solubil- 
ities shown in table I, if Vlu = 0.5 litre [4, 14] then, 
for halothane, Alu/g.Vlu = 2.4 litre, while for 
nitrous oxide Alu/g.Vlu = 0.235 litre. If the end- 
inspiratory alveolar gas space is 3.5 litre (using VA = 
2.5 litre and Vrt = 1 litre), the total effective gas 
exchange space is 5.9 litre for halothane, but only 
3.735 litre for nitrous oxide. 

Equation (3) describes the single-breath model 
and is the basis for the three-breath and rebreathing 
models. 

To allow for more than one breath, a simple model 
of ventilation [15] was used. In this model of 
ventilation, inspiration and expiration occur in- 
stantaneously and therefore the time—volume plot is 
a square wave. This model allows uptake over a 
series of ventilatory cycles to be considered as a 
sequence of “‘single breaths” using equation (3), but 
with different initial concentrations and lung 
volumes for each phase. 

Concentrations in the lung were calculated at 
three times during each ventilatory cycle: at the end 
of inspiration (Far); at the end of the inspiratory hold 
(Fa’&—the actual end-expired concentration); and at 
the end of expiratory hold (Far’—the concentration 
in the lungs at the start of the next breath). FAʻE and 
Far’ were calculated by applying equation (1) using 
appropriate initial concentrations (Far and FA'E), 
lung volumes (Va! + Vr for the inspiratory hold 
period and Va*" for the expiratory hold period) and 
times (ĉn and tap. End-inspired concentration (FAT) 
was calculated as: 


Far’ = [Far’. Vac" 
+ Far’. Vp+Fi.(VtT—Vp)]/[Va"'+ Vr] (5) 


where FI and Far’ are expressed as fractions of the 
initial FI. 

Equations (3) and (5) define the three~breath 
model, which can be extended to any number of 
breaths. 

In the rebreathing model, the inspired concen- 
tration for each breath was the concentration in the 
rebreathing bag at the end of the previous expiration. 
This was calculated as: 


Fbag = [F1.(Vbag— VT) 
+F1.Vp+Fa’E.(Vt—Vp)|/Vbag (6) 


where Fr = Fbag from the previous breath. 

In addition to the assumptions common to all 
models, the rebreathing model assumes no additional 
deadspace (equipment deadspace = 0), no uptake of 
the agent onto the bag, and that the total volume of 
the system remains constant; that is, uptake is 
minimal compared with the total volume of the 
lung—bag system. 
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Standard conditions listed in the Appendix were 
used. The single-breath model was studied for 15 s, 
while the three-breath and rebreathing models were 
studied at three breaths (12.5 s) and seven breaths 
(13 s), respectively. These values were chosen to be 
less than the recirculation time of man at rest 
(14-18 s) [2]. Values of the partition coefficients used 
are listed in table I. Results are expressed as end 
procedure expired concentration divided by initial 
Fy or Fa/Fi. 

The three models described above calculate Fa/FI1 
after completion of the test manoeuvre and assume 
perfect instantaneous mixing of gas, with no ven- 
tilation perfusion abnormalities. Similar models have 
been shown to produce valid results in patients 
without significant lung pathology [6,9]. 

We chose to look at the effects of a change in 
cardiac output from 1 litre min™ to 10 litre min“ 
and defined the difference in FA/FI between these 
values as: 


FA/Figi-19) = FA/Flgo1 utre mn 
— FA/Flg-10 utre min 


FA/Fi,93_19) was calculated for a range of combina- 
tions of Abl/g and Alu/bl (Abl/g (1-15), Alu/blI (0-5) 
using the single-breath, three-breath constant in- 
spired concentration and rebreathing models. This 
was repeated for a selection of anaesthetic gases and 
vapours. For comparison, examples of very soluble 
(methoxyflurane) and very insoluble (helium) agents 
were included. 

In addition, the difference in FA/F1 produced by 
a 25% increase in cardiac output was calculated for 
initial values of cardiac output between 1 and 10 litre 
min}, 


RESULTS 


Families of curves for different values of Alu/bl 
using a single breath of 15 s duration (fig. 1), the 
three-breath model (fig. 2) and the rebreathing 
model (fig. 3) show that optimum combinations of 
Abl/g and Alu/bl existed for each model. The 
maximum value on each curve represents that blood 
solubility which gave the greatest change in expired 
concentration for a change in cardiac output from 1 
litre min to 10 litre min“? at that Alu/bl. These 
values increased slightly as Alu/bl decreased. 

‘Table II shows the change in end procedure Fa/FI1 
with a change in cardiac output from 1 litre min“ to 
10 litre min“! for a variety of anaesthetic agents and 
helium. Enflurane was the most sensitive to changes 
in cardiac output in all models, although ether 
performed well in the three-breath model. The 
three-breath model produced the greatest changes in 
Fa/F1 for the cardiac output change studied, but 
these were only marginally greater than those seen 
with the rebreathing model. 

Figure 4 illustrates the effect of a 25% increase in 
cardiac output on the change in alveolar concen- 
tration and demonstrates that enflurane produced 
the greatest change at almost all values modelled. 
With the exception of the very soluble agents, ether 
and methoxyflurane, the curves are nearly linear 
over the range studied. 
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Fig. 1. Effect of lung and blood solubility on change in end 
procedure Fa/Fi for a change in cardiac output from 1 litre min™ 
to 10 litremin™ using the 15-s single-breath model. Initial 
conditions in all figures are as specified in the Appendix. Lung 
tissue/blood partition coefficients: O =0;@=0.5;0=1;0= 
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Fic. 2. Effect of lung and blood solubility on change in end 
procedure Fa/ Fi for a change in cardiac output from 1 litre min™ 
to 10 litre min~ using the three-breath model. Lung tissue/blood 
partition coefficients: [0] = 0; @=0.5; 9 =1;0 =2; W = 5. 
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Fig. 3. Effect of lung and blood solubility on change in end 
procedure Fa/Fi for a change in cardiac output from 1 litre min™? 
to 10 litre min? using the rebreathing model. Lung tissue/blood 
partition coefficients: [] = 0; @=0.5; O=1;0=2; W =5. 
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TABLE II. Effect of a change in cardiac output (Q) from 1 litre min`! 

to 10 litre min i for each of the models and selected agents, showing 

the end-procedure (Initial) FA/Fi for Q=1 litre min`! and the 
change in FAJFI when Q was increased to 10 litre min™? 


Single breath Three breath Rebreathing 


Fa/Fi Fa/Fi Fa/Fi 

Agent Initial Change Initial Change Initial Change 
Helium 0.243 0.0013 0.565 0.0009 0.428 0.0015 
Nitrous oxide 0.221 0.054 0.530 0.067 0.400 0.067 
Acetylene 0.208 0.073 0.510 0.093 0.383 0.093 
Isoflurane 0.162 0.081 0.422 0.115 0.315 0.113 
Enffurane 0.162 0.097 0.426 0.141 0.316 0.138 
Halothane 0.130 0.078 0.354 0.119 0.263 0.117 
Methoxyfiurane 0.047 0.038 0.146 0.073 0.107 0.070 


Ether 0.061 0.058 0.199 0.131 0.142 0.117 





0 2 4 6 8 10 
Initial cardiac output (litre min™*) 
Fic. 4. Effect of a 25% increase in cardiac output from initial 
values between 1 and 10 litremin™! on the change in end 
procedure Fa/Fi for a variety of anaesthetic agents. x = Nitrous 
oxide; @ = acetylene; VY = isoflurane; © = enfiurane; IJ = 
halothane; [] = methoxyflurane; A = ether. 


The changes in FA/FI seen with isoflurane and 
halothane are very similar under all conditions 
studied and are consistently smaller than those with 
enflurane. 


DISCUSSION 


It is of interest that there were sets of optimum 
solubilities and that in general the “ideal” blood/gas 
partition coefficients were in the range 2—4, close to 
those of the modern volatile anaesthetic agents. For 
Alu/bl = 1, the maximum change in Fa/FI was seen 
at a Abl/g of 2.6 with the single-breath model, 4.1 for 
the three-breath model and 3.5 for the rebreathing 
model. The effect of decreasing Alu/bl in any model 
was to increase the FA/FI,g1-19) index and to increase 
the optimum /bl/g. A decrease in Alu/bl from 1 to 0 
in the three-breath model had the effect of increasing 
the change in expired concentration by a factor of 
1.8. However, none of the anaesthetic agents investi- 
gated had values of Alu/bl less than 1. The magnitude 
of the change in FA/FI varied between models, but 
was greatest with the three-breath model for all 
agents except helium (table I). 

The rebreathing model produced results similar to 
those from the three-breath model. This was not 


surprising because, given the same initial concen- 
tration, the only real difference between the two 
models is that the total mass of drug delivered to the 
alveolar gas space is greater with the three-breath 
model. 

From table IJ it is apparent that there are 
considerable differences between agents with similar 
blood solubility, such as isoflurane and enflurane. 
We were initially surprised that enflurane, with a 
smaller partition coefficient, produced a greater 
change than that seen for halothane. The pattern of 
results may be explained by considering the physical 
process being modelled. For small values of Abl/g 
(nitrous oxide) the rate of uptake is small and FA/ FA, 
is close to 1 (equation (1)). If cardiac output doubles, 
the decrease is, at most, double, but Fa/F a, is still 
close to 1. Conversely, if Abl/g is large (for example 
ether), uptake is rapid and almost complete resulting 
in a small value for FA/FA,. In this case doubling 
cardiac output has little added effect, as Fa/ FA, (and 
Fa/F1) is already close to zero. Between these 
extremes lies an optimum value for Abl/g with which 
a change in cardiac output produces a usefully large 
change in Fa/Fa, and consequently in Fa/FI. 

Increasing Alu/bl increases Va! and consequently 
decreases FA,. This places a limit on the amount by 
which FA can change. In addition, increasing Alu/bl 
also increases the time constant of the exponennal 
decrease in FA (equation (1)), thereby slowing the 
decrease in Fa. The largest change in FA/FI is seen 
with small values of Alu/bl. 

The interplay of these various effects was shown in 
figure 4, which illustrated the effect of a 25% 
increase in cardiac output. The gradient of the 
curves for the more soluble agents such as ether and 
methoxyflurane decrease as cardiac output increases. 

The step change in cardiac output from 1 to 
10 litre min‘ was chosen to look at the effects of 
solubilities over a useful range of cardiac outputs. 
Many applications of cardiac output measurement 
are at extreme values, either in patients with 
presumed small cardiac outputs, or in exercise 
physiology. Although ether, with a large AbI/g and a 
small Alu/bl, produced the greatest differences in 
Fa/F1 when the initial cardiac output was small, this 
advantage was lost when the initial cardiac output or 
the change in cardiac output was large. Figure 4 
demonstrated that the changes seen with enflurane 
were approximately linear for any cardiac output 
change in the range 1—10 litre min™’, but this was not 
the case for ether. 

To determine if the pattern of results would have 
been significantly different if another cardiac output 
change had been studied, the optimum Abl/g for 
Alu/bl = 1 and a 25% increase in cardiac output 
(from 5 litre min™ to 6.25 litre min“) was calculated 
in the three-breath model. This value of 3.6 was only 
slightly less than the optimum value for a cardiac 
output change from 1 to 10 litre min™ of 4.1. The 
difference in Fa/Fi values for any agent with Abl/g 
= 3.6 compared with 4.1 was less than 4 % for any of 
the 25% cardiac output changes studied and 4.4% 
for the change from 1 to 10 litre min™. These results 
suggest that the general pattern of results is similar 
over a wide range of cardiac output changes. If an 
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agent was required for a specific application or group 
of patients (for example those with decreased cardiac 
output states), specific calculations to determine the 
ideal theoretical and actual agent may be appropriate. 

It would appear from these studies that the ideal 
soluble agent for measurement of cardiac output 
would be one with a moderate blood/gas solubility 
and a very low lung tissue/blood solubility. Such an 
agent would be relatively water soluble and relatively 
poorly soluble in fat (tissue). It would still need to 
diffuse readily across the alveolar membrane, so that 
uptake remained perfusion- rather than diffusion- 
limited. Of agents readily available to the anaes- 
thetist, enflurane comes closest to this ideal. 

Other factors may need to be considered when 
choosing a suitable agent, including the ability to 
increase FI (especially for nitrous oxide) and the 
accuracy of the measuring system. The actual 
inspired concentrations of anaesthetic agents able to 
be used depend on the speed of onset of side effects, 
including sedation, and possible direct effects on 
cardiac output. 

Enflurane may be able to replace less soluble 
agents such as acetylene or nitrous oxide as the 
soluble agent in currently used methods of cardiac 
output estimation by soluble uptake. Use of en- 
flurane in these methods may produce more accurate 
results, and be slightly less unpleasant for the subject 
than agents currently used. The possible role of the 
volatile anaesthetic agents deserves further exper- 
imental investigation. 


APPENDIX 


ABBREVIATIONS AND STANDARD VALUES USED. 
(STANDARD VALUES SHOWN IN PARENTHESES) 


Abl/g Blood/gas partition coefficient 

Alu/bl Lung tissue/blood partition coefficient 

Alu/g Lung tissue/gas partition coefficient (= Abl/g. Alu/bl) 

FT Tidal volume (1 litre) 

VD Deadspace (0.15 litre) 

Viu Volume of lung tissue (0.5 litre) 

VA Alveolar gas volume (i.e. functional residual 
capacity — Vp) (2.5 litre) 

Vay Alveolar gas volume at time 0 (VA+ VT) 

Vat = Effective alveolar gas space, allowing for uptake by lung 
tissue (= VaA,+Alu/g. Viu) 

Vbag Rebreathing bag volume (2 litre) 

t Elapsed time since start of breath-hold (s) 

lie Inspiratory hold time (15 s for single breath; 2.5 s for 
three~breath model; 1 s for rebreathing) 

fe Rxpiratory hold time (= tn) 

Fi Inspired concentration 

Fa Fractional concentration in alveoli after time t 

Fa, Fractional concentration in alveoli at time 0 

Fx’ End-~expired concentration 

Fa’e Fractional concentration in alveoli at end of inspiratory 
hold (start of expiratory hold) 
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Far Fractional concentration in alveoli at end of expiratory 
hold 
Far Fractional concentration in alveoli at end-inspiration 
; (start of inspiratory hold) 
Q Pulmonary blood flow (5 litre min`?) 
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ANALYSIS OF UNCERTAINTY IN THEORETICAL METHODS OF 
CARDIAC OUTPUT MEASUREMENT USING THE “MONTE 


CARLO” TECHNIQUE 


R. R. KENNEDY AND A. B. BAKER 


SUMMARY 


We have developed three models which describe 
the relationship between cardiac output and the 
uptake of volatile anaesthetic agents, based on the 
Fick equation, and determined if these models 
could provide useful methods of cardiac output 
measurement. Because many variables are involved 
in the calculation of cardiac output using these 
methods, a “Monte Carlo” simulation was per- 
formed to investigate the combined effect of 
uncertainties in several variables on the resultant 
cardiac output estimate. We found that the single- 
breath model was most accurate when the inspired 
concentration was large, while the rebreathing 
model was better with smaller inspired concen- 
trations. The three-breath model was the least 
accurate under all conditions studied. Volatile 
anaesthetics were generally more accurate than 
nitrous oxide, with both enflurane and halothane 
more accurate than isoflurane. The “Monte Carlo” 
technique provides a valuable tool for analysis of 
errors in measurement methods. (Br. J. Anaesth. 
1993; 71: 403-409) 


KEY WORDS 
Heart: cardiac output. Measurement techniques: cardiac output. 


Although many techniques have been described for 
measuring cardiac output using the rate of uptake of 
soluble gas [1], most are not suitable for use during 
routine anaesthesia. Some require specialized and 
bulky equipment such as volume [2-4], pressure [5] 
or capacitive [6] plethysmographs. Insoluble tracer 
gases, such as helium [7] or argon [8], may be needed 
to provide an estimate of lung volume, and although 
a rapid infra-red analyser may be used for the soluble 
gas, analysis of the insoluble gas usually requires use 
of mass spectrometry or gas chromatography [9]. 
When rebreathing techniques are used, the large 
tidal volumes (1-3 litre) and rapid ventilatory 
frequencies (up to 30b.p.m.) needed to achieve 
equilibrium before recirculation occurs [10] may 
produce effects on the haemodynamic state [11] 
which may be especially significant in the anaes- 
thetized patient [12]. Multiple single-breath tech- 
niques [7] combine the results of several measure- 


ments made over a period of 20-30 min and are 
obviously unsatisfactory when conditions are un- 
stable or changing rapidly, such as may occur during 
surgery and anaesthesia. An ideal method of es- 
timation of cardiac output would be simple to 
perform, non-invasive, require minimal extra equip- 
ment and be suitable for use during routine 
anaesthesia. 

We have described [13] three models based on the 
Fick equation which relate cardiac output to the 
expired concentration of a soluble gas. These models 
differ only in the ventilatory manoeuvre used and 
involve a single, long (15-s) breath-hold, three 
breaths at a constant inspired concentration or seven 
rapid breaths from a rebreathing system. We postu- 
lated that volatile anaesthetics used in our three- 
breath model might provide a simple means of 
estimation of cardiac output and require littl more 
than a volatile anaesthetic agent and an agent 
analyser, both of which are often available during 
routine anaesthesia. We expected the three-breath 
method to be most useful because this model delivers 
the largest mass of test agent to the lungs, produces 
the largest expired concentrations and is the most 
sensitive to changes in cardiac output [13]. 

Two factors may limit the accuracy of cardiac 
output estimations using these methods. First, the 
change in expired concentration is not large com- 
pared with that in cardiac output. Second, a large 
number of variables are included in the model, not 
all of which can be measured or estimated easily or 
accurately. We were particularly interested in the 
combined effect of the uncertainty in several of these 
variables on the final estimation of cardiac output. 


METHODS 


A “Monte Carlo” simulation was used to study the 
combined effects of these errors. The technique 
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allows the error resulting from the interplay of 
multiple errors to be estimated and confidence limits 
of population parameters to be calculated [14]. These 
results are often difficult or impossible to derive 
directly. After the distribution of each input par- 
ameter for the model has been derived, random 
values of each parameter, fitting the distribution, are 
found. The set of values are then combined, using 
the model, to produce a single result. This process is 
repeated a large number of times (typically several 
thousand) and the results collected. The distribution 
of the final output can then be characterized. This 
technique has become more practical as increased 
computing power has become available and has been 
used to analyse cardiac output estimates using both 
oxygen [15] and acetylene [16]. 

Several small programs were written in Pascal and 
“C” and implemented on Commodore Amiga and 
Apple Macintosh computers. 

Standard conditions, values and abbreviations 
used in the simulations are listed in table I and the 
Appendix of the accompanying paper [13] (see 
p. 402). Variables were changed from these only as 
indicated below. All random numbers used were 
generated using the Macintosh Toolbox “‘random”’ 
function [17] and transformed to a Gaussian dis- 
tribution using the procedure outlined in the 
Appendix of this paper. 

To test the effect of multiple errors, we wrote 
programs which, given a “desired” mean and sp for 
Abl/g, Alu/bl, cardiac output, Va, Vp, Vt, Vlu and 
Fi, calculated the mean and sp of the resulting end 
procedure expired concentration (FE’) using a 
Monte Carlo technique with 2000 iterations. No 
error was added to ha tout or Vbag. The same value 
for the other parameters of the model were used for 
each breath throughout any one iteration of the 
three-breath or rebreathing models. Other programs 
converted the expired concentration to equivalent 
cardiac output using simple linear interpolation. 
Values obtained were then checked by using the 
results in the initial model. 

“Input” SD are expressed as percentage of the 
mean value. For example, if the stated sp is 5 % then, 
if mean VA = 2.5 litre, the actual sp of VA is 0.125 
litre, while if Vp = 0.15 litre, then VD sp = 7.5 ml. 

We studied halothane, enflurane, isoflurane and 
nitrous oxide. Nitrous oxide was included because it 
has been used in similar techniques for many years 
and because, despite recent changes in anaesthetic 
practice, it still has an important place in the 
armamentarium of many anaesthetists. 

Using a Monte Carlo simulation of 2000 cycles 
and with cardiac output fixed (sp = 0), the mean and 
Sp of end procedure FA was calculated for the 
following agents and conditions: 

(1) One breath of nitrous oxide, halothane, en- 
flurane or isoflurane with all “inputs” given sp 5%, 
cardiac output 5 litre min™t and the duration of 
breath set at 2.5, 5, 7.5, 10 and 15 s, to determine the 
effect of duration of a single breath-hold and the 
choice of agent. 

(2) One 15-s breath of nitrous oxide, halothane, 
enflurane or isoflurane with all “inputs” given sp 
0.5, 1, 5 or 10%, cardiac output 5 litre min”, to 
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TABLE I. Reported variability in measurement of physiological 
parameters of the model. Values used in this paper are 1SD expressed 


as % of the mean 
Value 

Parameter used Comments 

VA 10 Typically sp = 10-20% [18] 

4% on the same day [19] 

Viu 18 [8] 

A 10 95% confidence limits = 20-30% [20, 21] 

VD 10 sp = 10-23%, depending on method used 


and initial lung volume [22] 


study the effect of input error and choice of agent on 
the single-breath model. 

(3) Three breaths or rebreathing of enflurane with 
all “inputs” given sD 0.5, 1, 5 or 10% and cardiac 
output 5 litre min“, to study the effect of input error 
on these models. 

(4) One 15-s breath of enflurane with input sp 5% 
for all “inputs”. Cardiac output was set at values 
between 1 and 10 litre min™ to compare the size of 
“error” to the cardiac output. 

(5) One 15~s breath of enflurane with input sD for 
solubilities and lung volumes as shown in table I, 
cardiac output 5 litre min“, and values for sD of FI 
and VT of 0 or 10%. 

(6) One 15-s breath of enflurane with input sp for 
solubilities and lung volumes 50% of those in table 
I, cardiac output 5 litre min™ and values for sD of FI 
and VT =0%. 

(7) Results of the models with no input un- 
certainty were calculated for enflurane and nitrous 
oxide in the single-breath, three-breath and re- 
breathing models with Fi 0.5, 1.0, 1.5, 2.0 or 2.5% 
for enflurane and 20, 40, 60 or 80 % for nitrous oxide 
using the values for other parameters listed in the 
Appendix of the accompanying paper [13] (p. 402). 
A normally distributed “measurement error” (mean 
of 0 and sp = 0.01% for enflurane and 0.1% for 
nitrous oxide) was added to the results of the models 
to study the effect of measurement errors alone. 
(Manuals for the Drager Irina and Datex Ultima 
anaesthetic agent analysers quote an accuracy 
of + 0.02 vol% for volatile agents and t 0.2 vol % for 
nitrous oxide.) 

(8) The combined effects of uncertainty within 
the model and measurement errors were studied for 
enflurane and nitrous oxide with all three models 
using input values as in (6). The range of values for 
Fi and the measurement errors for FI and FE’ used 
were as in (7). The error in FE’ was calculated using 
a second Monte Carlo process to add the measure- 
ment uncertainty to the value for FR’ obtained as in 
examples (1)}-(6) above. 


Results of the Monte Carlo simulations are 
expressed either as the cardiac output range repre- 
sented by the 2sp limits of the output concentration 
or as the mean of the 2sp limits expressed as a 
percentage of the actual value. For example, if the 
end procedure FA of the Monte Carlo simulation 
for a particular agent was a mean of 0.5 with sp 
0.1, the cardiac outputs quoted are those which 
would produce an expired concentration of 0.3 
(0.5—2%x0.1) and 0.7 (0.54+2x0.1) using the same 
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model and conditions as in the Monte Carlo 
simulation, but without consideration of the errors. 
If this range of expired concentrations produced a 
28D cardiac output range of 3.5-6.4 litre min“! 
around an actual value of 5 litre min™, this was 
expressed as an ‘error”’ of 


[5 —3.5)/5 + (6.6 —5)/5]/2 x 100 =+31% 


Simulations (1}(6) above set Frı = 1% with no 
consideration of measurement errors. The resulting 
value for Fg’ is therefore equivalent to Fa/FI for the 
given proportional uncertainty in FI. 


RESULTS 


As expected, increasing the duration of a single 
breath-hold (fig. 1) and decreasing the size of the 
errors (table II, fig. 2) improved the accuracy of the 
results; the relative “‘accuracy ” of the agents studied 
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Fic. 1. Monte Carlo results for the single-breath model with 

isoflurane (A), enflurane (O) and halothane (O): effects of 

duration of the breath-hold on the 2sp confidence limits for an 

actual cardiac output of 5 litre min™. All “inputs” to the model 

were given sp 5% of the input value, except cardiac output which 
was fixed at 5 litre min™ and sp = 0%. 
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Fig. 2. Monte Carlo results for the single-breath model (15s 

duration) with isoflurane (4), enflurane (C1), halothane (©) and 

nitrous oxide (@) showing the effect of the “input” sp on the 2sp 

confidence limits for cardiac output estimation. The same “input” 
sD was used for all variables in the model. 
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TABLE II. Results of Monte Carlo simulation for enflurane, showing 

the effects of global changes in the “input errors” on the 2SD limits 

of cardiac output estimation expressed as a range of cardiac outputs 

and as the percent deviation of the 25D limits from the actual value 
of 5 litre min 7 


Input Single-breath Three-breath Rebreathing 
(%) Range (%) Range (%) Range (%) 
05 4.85-5.16 3.1 4.69-5.32 6.3 4.82-5.18 3.6 
1 4.68-5.34 66 4.37-5.66 13 4645.36 7.2 
5 3.47-6.78 33 2.14850 64 3.33-6.87 35 


10 2.21-8.84 66 —0.3-13.2 135 1.749.24 75 


12 


10 


Estimated output (litre min?) 
co 


0 2 4 6 8 10 
Actual output (litre min7) 
Fig. 3. Monte Carlo results for enflurane in the single-breath 
model for a range of actual cardiac outputs (1~10 litre min“), 
showing the mean and 2sp limits of the resultant cardiac output 
estimate. All other “inputs” were constant, with sp 5%. The 
calculated mean values of cardiac output estimations fall on the 
line of identity. 


is shown in figures 1 and 2. Enflurane produced the 
least error (2sD limits of 33% of an actual value of 
5 litre min“ for 5% input errors in the single-breath 
model). This result was only slightly better than 
that for halothane (34%) which performed much 
“better” than isoflurane (47%). Nitrous oxide 
produced a much greater “error”’ (166%) than any 
of the volatile anaesthetic agents. 

Table II shows that, for enflurane, despite a 
predicted greater sensitivity to cardiac output 
changes, the three-breath technique gave far less 
accurate estimates of cardiac output than a 15-s 
single breath. Results with the rebreathing model 
were only slightly worse than those with the single- 
breath model. Similar patterns of results were seen 
for all agents studied. As enflurane produced the 
least uncertainty in all models, it was used to evaluate 
the effect of different combinations of errors. 

When cardiac output (Q) was changed while input 
errors were held constant at 5%, using enflurane 
in the single-breath model (fig. 3), the magnitude 
of the resultant uncertainty increased only 
slightly, from + 1.5 litre min™ at Q = 1 litre min“ to 
+1.91 litre min™ at Q = 10 litre min“. Thus the 
error varied from +75 % at 2 litre min“ to+19% at 
10 litre min?! and was+33% at 5 litre min™. 

Using “realistic”? errors from the literature with 
enflurane and the single-breath model, the 2sp error 
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TABLE III. Effect at different inspired concentrations of error in 

measurement of FE’ on the uncertainty of cardiac output for nitrous 

oxide and enflurane, assuming no error in “input” parameters. SD of 

measurement error wast 0.1 vol % for nitrous oxide and + 0.01 vol % 

for enflurane. Results are the+-2sSD limits expressed as % of the 
actual cardiac output of 5 litre min! 


Error (%) 
Fy Single-breath Three-breath Rebreathing 
Enflurane 
0.5 77 51 52 
1 37 25 26 
1.5 25 17 17 
2 18 13 13 
25 15 10 10 
Nitrous oxide 
20 33 27 27 
40 16 13 14 
60 10 8.8 8.9 
80 8.1 6.7 6.7 
80 
70 
60 
È 50 
os 
E 40 
3 
c 30 
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80 
60 
S 
Pan 
£ 40 
z 
8 
Cc 
pam 
20 
0 
0 20 40 60 80 


Inspired concn N20 (%) 


Fig. 4. Results of combining uncertainty tn physiological variables 
with measurement error. Uncertainty is 50% of values in table I 
for physiological parameters and 0% for Vr. Measurement errors 
set at sD = 0.01 % for enflurane (upper panel) and sp = 0.1% for 
nitrous oxide (lower panel). Results shown are percent uncertainty 
represented by the 2sp limits of the calculated cardiac output for 
an actual cardiac output of 5 litre min™t. A = Single-breath 
model; O = three-breath model; J] = rebreathing model. 
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was 31% for a cardiac output of 5 litre min}. This 
increased to 55 % when a 10% uncertainty in VT was 
added. When the “‘realistic”’ errors in physiological 
variables were reduced by 50% with no error in VT, 
the resultant uncertainty was 15%. 

Table III shows the effect, at various values of FI, 
of errors in the measurement of FR’ on calculated 
cardiac output for nitrous oxide and enflurane in all 
three models. There was little difference between the 
rebreathing and three-breath models, while the 
single-breath model produced values 20-50 % worse. 
The error with 40% nitrous oxide was close to that 
with 2% enfiurane. 

When the measurement uncertainty was combined 
with the results of a Monte Carlo simulation (fig. 4), 
the rebreathing model was consistently better than 
the three-breath model, while the uncertainty in the 
single-breath model decreased more than in the 
other models as FI increased. There was little gain in 
accuracy as FI increased from 1.5% to 2.5% for 
enflurane or greater than 40% for nitrous oxide. 


DISCUSSION 


The uncertainty in the estimation of cardiac output 
using these models has been assessed in three ways. 
First, the effect of different levels of input errors was 
studied. This approach considered the behaviour of 
the system with different patterns of error, but 
ignored the effect of errors in the final measurement 
of Fr’. This is comparable to treating the system as 
a black box with a single output which can. be 
measured exactly, and is useful for examining the 
interplay of potential errors. Second, possible actual 
levels of error in the estimation of various variables 
were considered using values from the literature. It 
is difficult to distinguish between variability oc- 
curring as a result of errors in measurement and 
those caused by changes in the actual values. Finally, - 
the combined effects of varying inspired concen- 
tration, errors from the physiological “black box” 
and measurement errors were studied in an attempt 
to approximate the actual application of these models. 

Decreasing the magnitude of “input” errors or 
increasing the duration of the single breath decreased 
the resultant uncertainty. Increasing the duration of 
the manoeuvre decreased uncertainty because the 
amount of gas taken up increased almost linearly 
with increasing time. Thus, if the time available for 
uptake doubled, the difference between final concen- 
trations at different cardiac outputs was nearly 
double that at the shorter time interval. 

We were surprised initially that the three-breath 
model performed so poorly, despite being much 
more “sensitive” to cardiac output changes than the 
single-breath model, as shown in table II of the 
accompanying paper [13] (p. 401). One possible 
explanation for this result is the effect of a number of 
the variables being re-used for each breath; for 
example, a value for tidal volume is used five times in 
the three-breath model. The total number of vari- 
ables used in calculating the final result, and hence 
the compound effect on uncertainty, is greater than 
in the single-breath model. This argument suggests 
that the rebreathing model should be even less 
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accurate than the three-breath model, as seven 
breaths are taken with a consequent increase in the 
number of variables used. In fact the rebreathing 
model was almost as accurate as the single-breath 
model (table IT) and consistently better than the 
three-breath model. The rebreathing model was 
much less sensitive to VT changes than the other 
models. A 10% increase in VT produced a 10.8% 
increase in FA/FI in the single-breath model, an 
8.8 % increase in the three-breath model, but a 0.2% 
decrease in the rebreathing model. This decreased 
sensitivity to gas volume changes may act to 
minimize the effect of re-use of many of the variables 
in the Monte Carlo simulations. 

As shown in figure 3, the magnitude of the 
“error” in the cardiac output estimate remained 
nearly constant (+1.5 to +1.9 litre mint). The 
uncertainty in the results of the single-breath model, 
expressed as a proportion of the true value, increased 
as cardiac output was decreased. As all the sources of 
error were held constant, the calculated error in 
expired concentration remained approximately con- 
stant. As the expired concentration~—cardiac output 
relationship was approximately linear for all the 
agents studied in this paper, it follows that there 
should be a constant magnitude of uncertainty in the 
final result. A similar pattern was seen with the other 
models. The most frequent applications of cardiac 
output measurements are either in patients with 
small cardiac outputs, or in exercise physiology, 
when outputs are normal or increased. This pattern 
of results suggests that soluble gas uptake methods of 
cardiac output estimation may be more accurate in 
the exercise physiology laboratory than in the 
operating theatre. 

Table I lists the variability in the measurement of 
several of the model parameters quoted in the 
literature. It is not possible to distinguish between 
uncertainty in the measurement methods and actual 
changes in the parameter being measured. Values 
used in this paper are at the low end of quoted 
ranges. Despite this, another 50% reduction in the 
magnitude of these uncertainties, which might 
approximate within-patient variability over a short 
time period, combined with no uncertainty in VT or 
Fi is needed to reduce the error to an acceptable 
level. 

When the effect of error in the measurement of the 
final Fe’ was considered without any uncertainty in 
input variables and hence none in the actual value 
being measured (table III), the three-breath and 
rebreathing models produced similar results and 
were more accurate than the single-breath model. 
Values for enflurane were comparable to those for 
nitrous oxide, with a 20-fold increase in FI. The 
results in the companion paper [13] show the 
magnitude of the change in Fa/FI for nitrous oxide 
was 50% that of enflurane for a given change in 
cardiac output. Combined with a 10-fold reduction 
in the accuracy of infra-red analysers (from + 0.02 
vol% for enflurane to+0.2% for nitrous oxide), it 
would be expected that an increase of about 20 times 
in the inspired concentration would produce a 
change in Fr’ of the same magnitude for the two 
agents, as shown in table III. 
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The results in table III could, optimistically, be 
considered to be the relative errors that could be 
obtained with repeated measurements in the same 
patient and with the test gas being obtained from a 
single source. These results show a distinct ad- 
vantage for nitrous oxide compared with enflurane. 
An uncertainty of less than 15 % is obtained with FI 
2% or more for enflurane or 40% nitrous oxide or 
more, using either of the multiple-breath models. 
This compares favourably with thermodilution 
methods [23]. Unfortunately, the assumption that 
Va, Vp, Vlu and å all remain constant is unlikely to 


' be true, as several of the variables may change both 


with anaesthesia itself (VA as approximated by 
changes in functional residual capacity [24]) or as a 
result of changes in cardiac output (Vp) [25]. 
Measurement error was combined with the effect 
of a small but possibly attainable level of uncertainty 
(fig. 4). In this situation, the rebreathing model was 
consistently more accurate than the three-breath 
mode, but the single-breath model “improved” 
more rapidly than the others as Fr increased. 
Enflurane in the single-breath method was almost 
twice as inaccurate as the rebreathing model when Fr 
was 0.5%, but the two models were equal when FI 
was 2.5%. The lack of dramatic increase in accuracy 
of the rebreathing model with increasing FI for 
nitrous oxide, and to some extent for enflurane, is in 
accord with the finding that acetylene concentration 


- may be reduced from 2 % to 0.3 %, which is tolerated 


far better by subjects, without significant effects on 
the accuracy of the results of rebreathing methods 
[16]. 

Table II ranks the models in order of decreasing 
accuracy as single~breath—rebreathing—three-breath. 
This is also seen in figure 4 for large inspired 
concentrations. The probable reason for the in- 
accuracy of the single-breath model with small 
inspired concentrations is the very small expired 
concentrations, which amplified the effect of un- 
certainty in the measurement of FE’. For a single 
breath of enflurane under the conditions of figure 4 
when Fi = 0.5%, FE’ = 0.055 (sp 0.010) % and at FI 
= 2.5%, FE = 0.273 (sp 0.015)%, representing a 
five-fold difference in Fr’ but only a 50% change in 
sD. In contrast, in the rebreathing model, Fr’ 
increased by about the same magnitude (from 0.122 
to 0.611%), while sp nearly doubled (from 0.011 to 
0.021 %). These values suggest that the uncertainty 
in the final cardiac output estimation. improved 
much more as Fi increased in the single-breath 
model than in the rebreathing model. 

Although the most accurate of the results pre- 
sented in this paper are comparable to the variability 
present in other established methods of cardiac 
output measurement [23], there are other potential 
sources of error which have not been considered in 
this analysis. First, no allowance has been made for 
uncertainty in the actual measurement of time 
intervals and in both the three-breath and 
rebreathing models, all inspiratory and expiratory 
times were assumed to be identical. Second, it has 
been shown that, for such manoeuvres, the time taken 
as the zero point can significantly alter the results 
[26, 27], because the exact time at which the gases 
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appear to reach and become mixed in the alveoli can 
vary up to 28, after the start of inspiration [27]. 
Third, the pattern of ventilation considered here was 
very stylized, with no consideration of intermediate 
lung volumes and concentrations. It is unlikely that 
use of a more complex model of ventilation and 
uptake, such as that of Martonen and Wilson [26], 
would improve the accuracy of the results sig- 
nificantly because it is primarily the size of the 
breath rather than the rate of change between 
inspiration and expiration which is responsible for 
the errors. Fourth, the effect of uneven ventilation 
and perfusion have not been considered. The pattern 
of ventilation and perfusion seen in normal man does 
not appear to affect significantly the accuracy of 
cardiac output estimations until FEV, is less than 
60% of predicted [11], 28]. It is also unlikely that a 
method based on this model could be improved by 
use of a different agent such as acetylene, as enflurane 
is close to the “ideal”? agent for this type of 
measurement, as outlined in our companion paper 
[13]. 

Mathematical and computer modelling can be 
powerful tools which may produce unexpected 
results. These techniques require precise definition 
of a problem and allow theoretical experiments, 
which may be repeated many times. However, the 
limitations of any model and method of analysis 
must be borne in mind when extrapolating results of 
a model. All models only approximate the system 
under study, and therefore experimental validation 
ig important [29]. The various components of the 
model and analysis described here have been vali- 
dated in several ways. Several studies [1, 4, 7, 8, 10, 
12, 28, 30-32] have confirmed the utility of the basic 
exponential equation, while the theoretical work of 
Martonen and Wilson [26] suggests that the model of 
ventilation used here did not greatly affect the result. 
A comparison of theoretical and measured ‘“‘errors”’ 
in cardiac output estimation using different concen- 
trations of acetylene [16] demonstrated the utility of 
the Monte Carlo technique in this type of ap- 
plication. Even with this background, the predictions 
of any model should be seen only as a guide and a 
method of limiting the number of experiments 
needed to establish the validity of these predictions 
[33]. 

Several methods based on analysis of expired 
soluble gases have been shown to provide consistent 
results which parallel those obtained by thermo- 
dilution or direct Fick methods [2, 27, 28, 31, 32, 34, 
35]. That these more complex methods produce 
repeatable estimates of cardiac output may be 
because they overcome the uncertainty predicted by 
our models by obtaining multiple measurements of 
the changing gas concentration during rebreathing 
[27,35] or a long single expiration [28,32], in 
contrast to taking a single end procedure measure- 
ment. Use of an inert tracer, such as helium or argon, 
provides an indication of lung gas volume, while the 
inclusion of carbon monoxide in the gas mixture 
allows the true time zero for alveolar mixing to be 
determined [26, 27]. However, rapid analysis of such 
a gas mixture, containing carbon monoxide, argon 
and one (or more [31]) soluble gases, requires use of 
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a mass spectrometer rather than a relatively eee 
infra-red anaesthetic agent analyser. 

The aim of the work described in this paper was to 
use computer implementations of simple models to 
assess the “errors”? in the estimation of cardiac 
output based on the uptake of volatile anaesthetic 
agents. The Monte Carlo technique was used to 
evaluate these models and is a valuable tool for this 
type of analysis. It has been demonstrated that the 
three-breath technique for measuring cardiac out- 
put, which theoretically appeared to be the most 
sensitive to cardiac output changes, was considerably 
less accurate when uncertainties in the large number 
of variables involved were considered. The single- 
breath method was most accurate when errors in the 
measurement of FR’ were excluded or when large 
inspired concentrations were used. The accuracy of 
the rebreathing method was not greatly affected by 
changes in FI. Collecting multiple data points during 
a single manoeuvre may increase the accuracy of all 
models sufficiently to produce useful measurement 
techniques based on the rebreathing or single-breath 
models. Of the agents studied, enflurane was associ- 
ated with the least amount of uncertainty and was 
generally associated with much less error than the 
use of nitrous oxide, except when there was no 
uncertainty or variability in the Paymoiogica para- 
meters of the model. 


APPENDIX 


GENERATION OF NORMAL RANDOM NUMBERS 


A sample of n rectangular random numbers a < x < b, such as 
produced by a standard random number generator has a mean = 
(a+ b)/2 and sp of +/[(6—~a@)*/12.n]. If a = 0 and b = 1, then mean 
= 0.5 and sp = +/[1/12.n] [36]. 

Therefore, if we take 100 rendom numbers and calculate the 
mean of these values, this result can be transformed to fit the 
desired distribution by scaling sp and then the mean appro- 
priately. This is illustrated in the segment of Pascal code which 
produces a single random number drawn from a normal 
distribution with a mean of “mean_wish” and a standard 
deviation of “sd wish”. 
function rand norm (sd_.wish, mean_wish: real): real; 

var 

i: integer; 
sd: real; 


cycles = 100; 


rand_norm: = 0; 

sd: = sqrt(1/(12«cycles)); 

for i: = | to cycles do 

rand_norm: = rand—norm+ 
abs(random/maxint); 

{random returns a value in range-maxint < x < maxint, convert to 
0<x< 1} 

rand norm: = rand_norm/cycles —0.5; 

rand norm: = rand_norm«sd_wish/sd + mean wish; 

end; 

end. 
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PHENOTYPES ASSOCIATED WITH MALIGNANT 
HYPERTHERMIA SUSCEPTIBILITY IN SWINE GENOTYPED AS 
HOMOZYGOUS OR HETEROZYGOUS FOR THE RYANODINE 


RECEPTOR MUTATION} 


J. E. FLETCHER, P. A. CALVO AND H. ROSENBERG 


SUMMARY 


We have examined the phenotypic expression of 
several parameters associated with malignant 
hyperthermia (MH) susceptibility in three groups 
(homozygous normal, homozygous abnormal and 
heterozygous) of Yorkshire/Duroc swine geno- 
typed by a mutation in the ryanodine receptor. 
Subgroups of homozygous abnormals were classi- 
fied further by the appearance or absence of muscle 
rigidity on prolonged in vivo challenge with halo- 
thane and suxamethonium. Four swine hetero- 
zygous for the proposed MH mutation were in- 
distinguishable from five homozygous normal 
swine in temperature, heart rate, lactate concen- 
trations, base excess and pH determined during the 
prolonged halothane and suxamethonium chal- 
lenge. Resting creatine kinase concentrations, the 
in vivo barnyard challenge, the in vitro contracture 
response of skeletal muscle to 3% halothane and 
the threshold for Ca**-induced Cat release were 
also similar for subgroups of homozygous normals 
and heterozygotes. Therefore, inheritance of only 
one allele carrying the defect in the ryanodine 
receptor does not significantly alter phenotypes 
associated with MH susceptibility in this strain of 
swine. As four swine homozygous for the proposed 
MH defect did not exhibit rigidity and three of these 
had no other signs of MH on prolonged halothane 
and suxamethonium challenge, we conclude that 
the reported mutation in the ryanodine receptor 
may be necessary, but is not sufficient, for con- 
sistently eliciting the malignant hyperthermia syn- 
drome. These findings suggest that a modulator of 
the syndrome may explain variability within indiv- 
iduals in human MH. (Br. J. Anaesth. 1993; 71: 
410-417) 
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Anaesthesia-induced malignant hyperthermia (MH) 
is a potentially fatal inherited disorder of skeletal 
muscle [1—3] manifested typically by muscle rigidity, 
hyperthermia, hyperkalaemia, tachycardia, signs of 
lactic acidosis and greatly increased myoplasmic 


concentrations of Ca** in the response to halothane 
[4]. 

Swine have been used as an animal model of MH, 
as they may exhibit an inherited MH-like syndrome 
in response to stress or anaesthetics [5]. In humans, 
the syndrome varies greatly from individual to 
individual and even in the same individuals at 
different times, such that at times an episode may not 
occur [6,7]. Similar observations have not been 
reported in swine. However, age is an important 
factor for expression of porcine MH [8] and variation 
in the degree of response between strains of swine 
has been reviewed [5]. These findings suggest that 
one or more factors in addition to the MH gene 
modulate the expression of the syndrome in humans 
and swine. 

‘There is evidence suggesting that the threshold of 
Ca*+-induced Ca** release may be reduced in MH- 
susceptible muscle [9-11]. However, in isolated ter- 
minal cisternae preparations from MH muscle, the 
dose-response profile for halothane-induced Ca**t 
release is normal [9, 11-14], suggesting that factors 
other than, or in addition to, a defective Ca** release 
channel, or ryanodine receptor, are essential for the 
exaggerated response of the MH sarcoplasmic retic- 
ulum to halothane. More recently, a specific poly- 
morphism (C-to-T nucleotide substitution at pos- 
ition 1843) in the gene encoding the ryanodine 
receptor (ryrl), causing a Cys*!® for Arg®!® amino 
acid substitution, has been associated with MH 
susceptibility in swine [15]. Five to 10 % of the swine 
homozygous for this mutation do not exhibit an MH 
episode on barnyard challenge with halothane [16, 
17]. It has been argued that the barnyard challenge is 
less sensitive than a prolonged challenge with 
halothane and suxamethonium and may not detect 
all MH-susceptible subjects. However, as no other 
studies verified that the pigs would trigger with a 
prolonged halothane and suxamethonium challenge, 
this finding could also be interpreted as a variable 
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expression of MH dependent on a modifying factor. 
Recent, highly detailed, functional studies of ryano- 
dine receptor activity have detected defects in MH 
susceptible humans that are similar to those in a 
subpopulation of humans that are phenotypically not 
MH susceptible as regards their in vivo response to 
anaesthetics [18]. All of the above observations 
suggest that abnormal ryanodine receptor function 
alone is insufficient for expression of the MH 
syndrome. 

The present study is the first to examine a wide 
variety of phenotypes associated with well-defined 
MH genotypes, including heterozygotes, in a strain 
of swine derived from a Yorkshire/Duroc cross. 
This study also examined whether the proposed MH 
genotype is sufficient for expression of the MH 
syndrome in Yorkshire/Duroc swine, or whether 
individuals from this strain of swine exhibit varia- 
bility in the response to triggering agents, as has 
been reported for humans. 


MATERIALS AND METHODS 


Thirty tissue specimens from swine previously 
examined for a variety of phenotypes (table I) had 
been preserved in liquid nitrogen. The genomic 
DNA in these specimens was analysed for the 
identified porcine mutation, as described below. We 
did not have complete phenotyping for all the 
genotyped swine. 


In vivo challenge and clinical laboratory findings 


The swine (Yorkshire/Duroc cross) were obtained 
from Iowa State University. The study was approved 
by the Hahnemann University Animal Welfare 
Committee. From 1 to 6 weeks after their arrival at 
Hahnemann University, the pigs (15-40 kg) were 
anaesthetized with non-triggering agents (xylazine, 
ketamine, nitrous oxide), as described previously 
[19]. Biopsies of the gracilis and longissimus dorsi 
muscles for tn vitro contracture testing and Ca**t 
regulation studies, respectively, were removed under 
non-triggering anaesthesia immediately before the in 
vivo Challenge with halothane and suxamethonium. 
The swine were tested for MH susceptibility by the 
North American procedure [20], using the in vitro 
contracture response of gracilis muscle to halothane 
and caffeine, as described previously in detail [19, 
21]. Briefly, an in vitro contracture response greater 
than 0.7 g to halothane (3 % in the gas phase) in any 
one of three muscle fibre bundles tested, or a 
contracture greater than 0.3g to caffeine 2 mmol 
litre! in any one of the three muscle fibre bundles 
tested, is considered a response indicative of MH 
susceptibility in our laboratory. After the muscle 
biopsies, the pigs were challenged in vivo with 3% 
halothane for 5 min, followed by 2% halothane for 
an additional 43 min. Twenty minutes after the 
halothane concentration was reduced to 2%, suxa- 
methonium (1 mg kg™ per dose) was administered 
five times at 5-min intervals. Blood was obtained for 
analysis before the halothane administration and 
3 min after the last suxamethonium administration. 
The serum K+ and lactate concentrations, base 
excess and pH were measured by the Hahnemann 
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University Hospital Clinical Laboratory. Tempera- 
ture was monitored by both an oesophageal probe 
and a probe inserted about 2cm into the gluteal 
muscle. Muscle rigidity was determined subjectively 
by the resistance of the limbs to movement. Rigidity 
in all cases was accompanied by complete extension 
of the limbs and these could not be bent at the joints. 
In the absence of rigidity, in all cases the limbs were 
completely flaccid and could be easily moved. 


Polymerase chain reaction and restriction 
endonuclease analysis of the C to T polymorphism at 
nucleotide 1843 


Genomic DNA was extracted from skeletal muscle 
(1-2 g of longissimus dorsi) that had been stored in 
liquid nitrogen. The tissue was homogenized in 
0.5% sarkosyl, sodium citrate 25 mmol litre!, B- 
mercaptoethanol 0.1 mol litre“?! and guanidinium 
thiocyanate 4 mol litre“! and extracted subsequently 
with phenol:chloroform (1:1 v/v). The aqueous 
phase was removed and precipitated with isopro- 
panol. The precipitate was washed with lithium 
chloride 4 mol litre and resuspended in Tris 
10 mmol litre7!, pH 7.5, EDTA 1 mmol litre ?, SDS 
0.5%. The DNA was extracted with chloroform and 
the aqueous phase precipitated with isopropanol. 
‘The precipitate was washed with ethanol 70%, air 
dried and resuspended in sterile water. Polymerase 
chain reaction (PCR) was conducted under the 
conditions described by Fujii and colleagues [15], 
using the primers 5’-GITCCCTGTGTGTGT- 
GCAATGGTG-3’ and 5’-ATCTCTAGAGCCAG 
GGAGCAAGTTCTCAGTAAT-3’ (Operon 
Technologies, Inc., Alameda, CA). Because the point 
polymorphism alters the restriction enzyme site [15], 
the PCR products generated from the ryrl gene were 
digested with the restriction enzymes Hin PI and 
Hgi AI (New England BioLabs, Beverly, MA) to 
confirm the presence or absence of the polymorphism 
for both alleles at nucleotide 1843. The PCR product 
was incubated with Hin PI 15 u or Hgi AI 10 u at 
37 °C for 16h. The restriction products were then 
electrophoresed on an 8.5% acrylamide/1.1% bis- 
acrylamide gel at 100 V for 2h in TBE buffer (Tris 
89 mmol litre, boric acid 89 mmol litre!, EDTA 
2 mmol litre). The gels were stained with ethidium 
bromide. 


Threshold of calctum-induced calcium release assay 


The threshold of Ca**-induced Ca*t release was 
determined on a heavy sarcoplasmic reticulum 
fraction isolated from longissimus dorsi removed 
under non-triggering anaesthesia, as described pre- 
viously [11, 22]. In brief, an 8000-12000 g fraction 
was isolated by differential centrifugation [10] and 
the threshold of Ca**-induced Ca™ release was 
determined in the presence of pyrophosphate [23] to 
increase the sensitivity of the assay. Calcium was 
added in 10-umol litre? pulses and the uptake and 
eventually the release of Ca** from the vesicles 
monitored with arsenazo III [10, 11, 22]. (We have 
recently identified a systematic error in our pre- 
viously published values for the threshold of Ca**- 
induced Ca** release. To compare the present study 
with previous studies from our laboratory, the values 
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TABLE I. Phenotypes examined for each swine genotyped for the proposed porcine MH mutation. The groups were subdivided 

by genotype, including homozygous normal (C/C), heterozygotes (C/T) and MH susceptibles (T/T). n.d. = Not 

determined. * Reactions of red blood cells with antisera for the H system (Ha or Hc), or with either the A or O blood factors. 

— = no reaction [24]. t Bither muscle rigidity (+) or no rigidity (—) within 3 min of an in vivo challenge with 6% 

halothane. ¢ Outcome either MH susceptible (+), or normal (—). Y = Details recorded; N = details not recorded for the 

prolonged in vivo halothane and suxamethonium challenge; NR = no rigidity; R = muscle rigidity during the challenge. 
Threshold = threshold of Ca**-induced Ca** release 


en CC 





Blood type* Resting Threshold 
Pig i CK value Barnyard Contracture In vivo (mol Ca®* 
No. H-type A-O (u litre) challenget test challenge /mg protein) 
Homozygous C/C (normal) 
I c/c O 39 — — Y/NR 1.7 
2 eje A 18 — — Y/NR 4.1 
3 cje A 13 — — Y/NR 6.1 
4 c/c O 12 — — Y/NR 4.2 
5 c/c A 12 _ — Y/NR 4.0 
6 a/c O 27 — — N/NR n.d 
7 n.d. n.d. n.d. — n.d. N/NR 2.6 
Heterozygotes (C/T) 
8 c/c O 91 — — Y/NR 2.0 
9 c/c O 58 — ~ Y/NR 2.6 
10 cje O 14 — — Y/NR 4.2 
1} c/c O 27 — — Y/NR n.d 
12 a/a O 36 — — N/NR n.d 
13 a/c O 36 — — N/NR n.d 
14 a/a O 32 — — N/NR n.d 
15 ajc O 46 — — N/NR n.d 
Homozygous T/T (MH susceptible) 
16 a/a — 270 + + Y/R 1.7 
17 a/a — 301 + F Y/R 2.8 
18 a/— O 130 + + Y/R 3.8 
19 a/a n.d. 927 + F Y/R 1.9 
20 a/a n.d. 128 + + Y/R 1.6 
21 a/a — 394 + + Y/R 4.1 
22 a/a — 492 + + Y/NR 1.6 
23 aj- O 1140 + + Y/NR 3.0 
24 a/- O 153 + + Y/NR 2.7 
25 a/a O 211 + + Y/NR 1.4 
26 a/— O 316 + + N/R n.d 
27 a/— O 157 + + N/R n.d 
28 a/a — 272 + T N/R 1.7 
29 a/a — 499 + + N/R 2.1 
30 a/— O 216 + + N/R n.d 


in the older studies (accepted before January, 1993) 
must be divided by a factor of two.) 


RESULTS 


Distribution of phenotypes examined for each 
genotype 

A total of 30 swine were genotyped and the 
phenotypes examined for each of these are identified 
individually in table I. Of the 30 swine, 15 were 
diagnosed initially as MH susceptible by barnyard 
challenge (rigidity to 6% halothane within 3 min), 
A—O and H blood typing and creatine kinase (CK) 
values (table I) and these were all found to be 
homozygous for the proposed MH mutation. An 
additional 15 swine were diagnosed initially as not 
being MH susceptible by the same criteria and, of 
these, eight were heterozygous for the proposed MH 
mutation and seven were homozygous normal. The 
15 MH-positive swine and 14 of the 15 MH-negative 
swine were diagnosed for MH susceptibility by the 
halothane and caffeine contracture tests also, using 
the North American procedure. All the swine were 
challenged im wivo with halothane and suxa- 
methonium, but detailed clinical data (temperature, 
heart rate, lactate concentrations, base excess, pH) 


were obtained for only five of the seven homozygous 
normals, four of the eight heterozygotes and 10 of 
the 15 homozygous MH-positive swine. The 10 
homozygous MH-positive swine in which clinical 
data were gathered were challenged with halothane 
and suxamethonium and were grouped further into 
those exhibiting rigidity (n = 6) and those in which 
no rigidity was observed (n = 4), in order to examine 
if other physiological and biochemical changes 
associated with MH were observed in the absence of 
rigidity during the halothane and suxamethonium 
challenge. 


In vivo challenge with halothane and suxamethonium 


Two of the rigid group of MH-susceptible swine 
exhibited rigidity to halothane alone and all five 
exhibited rigidity after the first administration of 
suxamethonium. The non-rigid MH susceptibles 
had no signs of rigidity even after five bolus 
injections of suxamethonium. 

Starting temperature has been suggested to influ- 
ence the response of MuH-susceptible swine to 
triggering anaesthesia [25]. The oesophageal tem- 
peratures before administration of halothane (mean 
(SEM)) for the homozygote controls (36.6 (0.1) °C), 
heterozygotes (38.1 (1.6) °C), homozygote MH sus- 
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Fig. 1. Mean (sm) changes in (A) pH; (B) base excess (BE); (C) lactate concentration; and (D) heart rate CHR) 
accompanying prolonged in vive challenge with halothane and suxamethonium. Blood was obtained at time 0, which 
was immediately before addition of 3% halothane for values in A-C. Heart rate was also recorded immediately before 
addition of halothane for time 0. Halothane was reduced to 2% as indicated by the arrow and maintained at 2% for 
the remainder of the challenge. Suxamethonium (Sux.) 1 mg kg~? was injected five times, as indicated. Genotypes: 
— / — =homozygous normal (C/C) (O) (n = 5); —/+ = heterozygous (C/T) (@) (n = 4); +/+(+) = homozygous 
MH susceptible (T/T) exhibiting rigidity on prolonged halothane and suxamethonium challenge (A) (n = 6); 
+ /+(—) = homozygous MH susceptible (T/T) not exhibiting rigidity on prolonged halothane and suxamethonium 
challenge (A) (n = 4). The four groups were tested at each time point by a one-way ANOVA and Scheffé test. 
* Significantly different from control (P < 0.05). 


ceptibles exhibiting rigidity (36.4 (0.6)°C) and 
homozygote MH susceptibles not exhibiting rigidity 
(37.1 (1.1) °C) were not significantly different (one- 
way ANOVA; P> 0.05). Only the oesophageal 
temperature for the homozygote MH susceptibles 
exhibiting rigidity was increased significantly (P < 
0.05; two-tailed paired ¢ test) at the end of the 
halothane and suxamethonium challenge. The final 
oesophageal temperatures were 36.2 (0.1) °C, 37.8 
(1.7) °C, 37.6 (0.6) °C and 37.4 (1.1) °C for the four 
groups, respectively. Muscle temperatures (gluteal) 
for the homozygote controls (35.4 (0.6) °C), hetero- 
zygotes (37.3 (0.3) °C), homozygote MH suscept- 
ibles exhibiting rigidity (36.9 (0.7) °C) and homo- 
zygote MH susceptibles not exhibiting rigidity (35.4 
(0.9) °C) were also not significantly different (one- 
way ANOVA; P > 0.05) before the halothane chal- 
lenge. The muscle temperature for the homozygote 
MH susceptibles exhibiting rigidity (37.7 (0.4) °C) 
was not significantly increased (P = 0.07; two-tailed 
paired t test) at the end of the halothane and 
suxamethonium challenge, nor was muscle tem- 
perature increased for the other groups (data not 
shown). 

During the prolonged halothane and suxa- 
methonium challenges, the serum pH (fig. 14) 


and base excess (fig. 18) decreased significantly only 
for the MH-susceptible group exhibiting rigidity. 
The pH values for two of the four heterozygotes 
(7.46, 7.28, 7.13, 7.12) and two of the four homo- 
zygote MH susceptibles not exhibiting rigidity 
(7.41, 7.29, 7.16, 6.88) were within the range for 
homozygous normals (7.21—7.52) after 48 min. The 
base excess values for all of the homozygous normals 
(range +0.4 to +4.2) and two of the four hetero- 
zygotes (+0.2, +3.4, —1, —6 mmol litre!) were 
positive after 48min. Base excess values were 
negative—both for the MH susceptibles not ex- 
hibiting rigidity (—2, —3.7, —8 and —16.5 mmol 
litre!) and for the MH susceptibles exhibiting 
rigidity (—6, —17, —22, —30, —30 mmol litre™). 
Serum lactate concentrations (fig. 1c) and heart rate 
(fig. 1p) increased significantly only for the MH- 
susceptible group exhibiting rigidity. The lactate 
values for three of the four heterozygotes (2.7, 4.2, 
6.2, 6.9 mmol litre!) and two of the four homozygote 
MH susceptibles not exhibiting rigidity (1.3, 5.7, 
7.6, 17 mmol litre) were less than the greatest 
values in homozygous normals (range 2.6-6.5 mmol 
litre!) after 48 min. All these variables became 
significantly different from control only after the 
second addition of suxamethonium. Serum Kt 
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concentrations at the end of the challenge were not 
significantly different between the groups, as de- 
termined by one-way ANOVA (data not shown). 
The difference in muscle tone between rigid and 
non-rigid pigs was unmistakable. The heart rate, 
lactate concentrations and pH values in all but one 
case supported the subjective determination of 
rigidity for the MH swine. The lactate value 
(17 mmol litre!) for one non-rigid MH pig was 
greater than that of one of the rigid MH pigs 
(16 mmol litre“) and the pH value (6.88) was smaller 
only than that in the same rigid MH pig (7.29). 
While slight increases in muscle tone may have 
occurred in response to this extreme in vivo challenge 
in the four non-rigid MH swine, these would not be 
detected or interpreted as clinical signs of MH by an 
anaesthetist. 


In vitro contracture response studtes 


Other investigators have reported that several 
strains of swine heterozygous for the MH defect 
have intermediate [26], or MH-like [27] in vitro 
contracture responses to halothane. However, 
neither of these studies directly genotyped the 
heterozygotes. Therefore, we determined the pheno- 
typic expression of the heterozygotes in pigs geno- 
typed for the mutation in the ryanodine receptor in 
the Yorkshire/Duroc strain. First, all the homo- 
zygous normal and heterozygote swine tested were 
diagnosed as normal by the North American MH 
Group procedure (table I). All homozygous MH- 
susceptible swine were diagnosed as MH susceptible 
(table I). Based on the maximum response for the 
three strips tested, the im vitro contracture response 
to 3% halothane in homozygous controls (0.07 
(0.03) g; n = 6) was not significantly different (two- 
tailed grouped ¢ test) from that of the heterozygotes 
(0.28 (0.09) g; n= 8) and there was considerable 
overlap between the groups. These values for 
controls and heterozygotes are similar to the human 
control values reported by the North American MH 
Group [28]. The MH susceptibles had markedly 
stronger responses to halothane (1.42 (0.13) g; 
n = 15) than either the heterozygotes or homozygous 
normals. 


Resting CK values 


The resting CK values were significantly different 
(P < 0.05): 20 (4) u litre! (n = 6) for the homo- 
zygous controls and 43 (8) u litre? (n = 8) for the 
heterozygotes. However, there was considerable 
overlap in values, making it impossible to differ- 
entiate between homozygous normals and hetero- 
zygotes by CK values alone (table I). The CK value 
for MH susceptibles (374 (76) u litre-; n = 15) were 
considerably greater than those of the other groups 
in all cases (table I). 


Threshold of Ca**-induced Ca** release in a heavy 
sarcoplasmic reticulum fraction 


The threshold of Ca*+-induced Ca?* release has 
been reported to be reduced in heavy sarcoplasmic 
reticulum fractions from MuH-susceptible skeletal 
muscle [9-11]. The observation was supported in the 
present study for preparations from MH swine, 
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TABLE II. Threshold of Ca*t-induced Ca** release in genotyped 
swine (mean (SEM)). Genotypes: — f — = homozygous normal (C/C); 
—/+=heterozygous (C/T); +/+(+)= homozygous MH 
susceptibles (T/T) exhibiting rigidity on prolonged halothane and 
suxamethonium challenge; + /+(—)= homozygous MH susceptibles 
(T/T) not exhibiting rigidity on prolonged halothane and suxa- 
methonium challenge. * Significantly less than — / — (P < 0.05; one- 








tailed t test) 
Threshold 
Genotype n (mol Ca?t/mg protein) 
—/— 6 3,8 (0.6) 
—/+ 3 3.1 (0.5) 
+/+(+) 8 2.5 (0.4)* 
+/+(—) 4 2.2 (0.4)* 





Threshold (umol Ca**/mg protein) 


MH- MH+ 


Fig. 2. The threshold for Ca?t-induced Ca** release in swine 
diagnosed as normal (MH —) (homozygous normals and hetero- 
zygotes: mean 3.6 (SEM) 0.4 umol Ca**/mg protein; n = 9) or 
susceptible to MH (MH +) (rigid plus non-rigid: mean 2.4 
(0,3) pmol Ca**/mg protein; n = 12) by the im vitro contracture 
test. Three MH-negative swine had threshold values of 2.6 pmol 
Ca** /mg protein and two had values of 4.2 umol Ca?*/mg protein. 
Two MH-positive swine had values of 1.7 pmol Ca**/mg protein 
and two had values of 1.6 pmol Ca**/mg protein. 


whether or not they exhibited rigidity on prolonged 
halothane and suxamethonium challenges (table II). 
The values for the three heterozygotes (table I) were 
not statistically different from normals (P = 0.43 by 
two-tailed t test) (table II). To test the association of 
a reduced threshold of Ca*t-induced Ca** release 
with outcome of the diagnostic contracture test for 
MH, the values for the heterozygotes and homo- 
zygote normals were pooled to form the MH- 
negative group and the values from the homozygous 
MH-positive swine with and without rigidity on 
prolonged in vivo halothane and suxamethonium 
challenge were pooled for the MH-positive group in 
figure 2. Overall, the threshold of Ca**-induced Ca** 
release of swine diagnosed as MH-positive was 
significantly less than that from MH-negative swine 
(P < 0.05; two-tailed z test) (fig. 2). However, there 
is considerable variability in this variable, with 
values occurring within 1 sEM of the mean for MH- 
negative swine in some MH-positive muscle and 
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values occurring within 1 sem of the mean for MH- 
positive in some MH-negative muscle. 


DISCUSSION 


The present study extends to the Yorkshire/Duroc 
cross of swine the association of the C-to-T point 
mutation in nucleotide 1843 of the gene encoding the 
ryanodine receptor with MH susceptibility. In the 
Yorkshire/Duroc swine, inheritance of two mutated 
alleles appears to be necessary for MH susceptibility, 
in agreement with a recessive pattern of inheritance. 
However, even when both alleles are inherited, this 
mutation is not sufficient to elicit the MH syndrome 
at all times, despite potentially lethal anaesthesia. 
Instead, there appears to be an important modulating 
factor of the MH syndrome that must be present for 
full expression of the MH syndrome or, if it is 
absent, the progression of events resulting in the 
syndrome is interrupted and the syndrome is not 
observed, as was the case in three of the four non- 
rigid MH swine. These four swine were definitely 
MH susceptible, as they had previously exhibited 
rigidity in the barnyard challenge. 

Unlike one other strain of swine [26] in which the 
heterozygotes exhibited an intermediate in vitro 
contracture response to halothane and another [27] 
in which the heterozygotes exhibited a positive 
contracture response by the European MH Group 
procedure [29], the Yorkshire/Duroc cross hetero- 
zygotes have about the same im vitro contracture 
response to halothane as homozygous normals. It 
should be noted that neither of the previous studies 
[26, 27] truly genotyped the swine, but relied instead 
on phenotypic information to establish a “genotype” 
indirectly. The mean of the resting CK concen- 
trations was slightly greater in the Yorkshire/Duroc 
heterozygotes, but the phenotypes of the hetero- 
zygotes and the homozygous normals would be 
impossible to distinguish clearly using CK values, 
contracture tests, or both. Similarly, the mean of the 
values of the threshold of Ca**-induced Ca** release 
was normal for heterozygotes. A recent study has 
reported that heterozygotes form a metabolically 
distinct phenotype that is more closely related to 
controls than to homozygote MH susceptibles [30]. 
In agreement, the prolonged in vivo challenge with 
halothane and suxamethonium in the Yorkshire/ 
Duroc heterozygotes did not result in any clinical 
variables differing statistically from controls. Two 
heterozygotes were identical to controls for all 
clinical variables examined, whereas values in two 
others were slightly outside the control range. The 
heterozygotes were not within the range of homo- 
zygous MH susceptibles exhibiting rigidity for any 
of the clinical variables examined. Therefore, 
although a much larger population might reveal 
slight but statistically significant differences between 
heterozygotes and controls, the heterozygotes in the 
present study could not be considered MH suscep- 
tibles. 

Four swine homozygous for the MH mutation 
failed to exhibit rigidity, despite an extreme chal- 
lenge with halothane and suxamethonium. While the 
base excess was negative for all four non-rigid MH 
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swine, three values were not remarkable relative to 
those in four of the five rigid MH swine. In addition, 
two of the non-rigid MH swine exhibited no signs of 
muscle breakdown (normal pH and lactate values), a 
third had values only slightly greater than those in 
controls, and none had accelerated heart rates. These 
non-rigid MH swine had previously demonstrated 
rigidity during a brief barnyard challenge with 
halothane alone and were, therefore, capable of being 
triggered at least some of the time. The findings in 
the four non-rigid MH swine would support a 
modifying factor that determines whether an MH 
episode can occur, and its severity. Although initial 
temperature has been suggested to be one potential 
modifying factor for the MH syndrome [25], the 
initial temperatures were the same for these four 
non-rigid MH-positive swine as for the swine 
exhibiting a full MH syndrome in the present study. 
Other potential modifying factors are free fatty acids 
[11], inositol 1,4,5-trisphosphate [31,32] and an 
abnormality in the antioxidant defense system [33]. 

Studies of the age-dependence of the porcine 
stress syndrome have demonstrated that free fatty 
acid production parallels the acquisition of sus- 
ceptibility to the syndrome [8]. A modulator gene 
does not have to be inherited as a defect. It may be 
a dormant normal gene product, such as a tri- 
glyceride lipase, that is turned on indirectly by the 
ryanodine receptor mutation (in swine). The porcine 
mutation results in substitution of Cys® for Arg*!® 
[15]; cysteine residues on proteins are the major sites 
for covalent attachment (acylation) of fatty acids 
[34]. Therefore, this could be a crucial site binding 
fatty acids which would then greatly enhance the 
response to halothane [11]. 

In contrast to the i vivo challenge, the im vitro 
contracture test conducted on tissue removed im- 
mediately before the in vivo challenge did detect the 
presence of the MH defect in all cases in the present 
study. Therefore, the contracture test is not modu- 
lated or environmentally responsive. However, based 
on a larger population (19 MH-negative and 27 MH- 
positive), we have estimated a sensitivity of 96 % and 
specificity of 95% (one false positive and one false 
negative) for the North American MH Group 
procedure in the Yorkshire/Duroc swine. We cau- 
tion that the same contracture test criteria may not 
be suitable for other strains of swine. The threshold 
of Ca*+-induced Ca** release values for the MH- 
positive swine not exhibiting rigidity, as a group, 
were the same as those for the rigid MH-positive 
swine. While this finding would suggest that the 
threshold of Ca*+-induced Ca?* release was also 
independent of the MH syndrome modifying factor, 
the wide range of values in both groups and the wide 
range of modulation of this variable within indiv- 
iduals with other muscle disorders [35] make this an 
unreliable predictor of MH susceptibility. 

Some strains of swine might express the factor 
modifying the response to anaesthetics more con- 
sistently than others and this may account for the 
strain-to-strain variation in the expression of the 
MH syndrome [5]. The Yorkshire/Duroc MH- 
susceptible swine are somewhat less responsive than 
some other strains. Our findings in the Yorkshire/ 
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Duroc swine are the first to suggest that the 
expression of the MH syndrome in homozygous 
abnormal individuals in this strain can vary in the 
same manner as observed in humans with MH. One 
major difference between human MH and porcine 
MH is the pattern of inheritance. While both exhibit 
an autosomal inheritance, MH is inherited as a 
dominant disorder in humans and recessive disorder 
in swine. A second major difference is that all 
porcine MH has been suggested to result from a 
single genetic defect in the ryanodine receptor [15, 
16] and this was verified for the strain of swine in the 
present study. In contrast, an analogous defect in 
humans is rarely inherited [36] and, if so, it is 
inherited as a single allele in MH humans. Also, 
genetic heterogeneity has been observed in humans, 
suggesting that genes other than the Ca** release 
channel can cause MH [37-41]. 

These findings in the Yorkshire/Duroc strain of 
swine suggest that inheritance of a single copy of the 
genetic mutation in the ryanodine receptor in the 
Yorkshire/Duroc swine does not significantly alter 
muscle function in the absence of anaesthetics, or the 
response to MH triggering agents. Inheritance of the 
porcine mutation as a single allele causative of MH 
in humans is inconsistent with the present and other 
studies in swine. Therefore, species-related differ- 
ences in the Ca? release channel function or 
expression must be invoked to explain human MH. 
Alternatively, the possibility exists that the porcine 
mutation, when inherited as a single allele, in humans 
may not cause MH. 

Inheritance of two abnormal alleles does result in 
abnormal muscle function in these swine in both the 
absence (increased CK values) and presence of 
anaesthetics. The absence of the MH syndrome in a 
subpopulation of swine homozygous for the MH 
defect, even with a prolonged halothane and suxa- 
methonium challenge, suggests that swine may be 
used to study a modifying factor responsible for the 
variability of the syndrome in MH-susceptible 
humans. The outcome of the halothane and caffeine 
contracture tests appears to reflect the presence of 
the MH mutation independent of the modifying 
factor. 
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PRESURGICAL ANALGESIA IN CHILDREN SUBJECTED TO 


HYPOSPADIAS REPAIR 


M. M. ATALLAH, M. M. A. SAIED, R. YAHYA AND A. M. GHALY 


SUMMARY 


We have examined the use of different pre-surgical 
analgesic techniques in 30 children aged 2—10 yr 
undergoing repair of hypospadias. They were 
allocated randomly, in a double-blind, placebo- 
controlled study, to receive one of three analgesic 
techniques (n = 10): lumbar extradural analgesia 
using 0.5% bupivacaine 1 mg kg™ plus morphine 
50 ug kg; morphine 100 ug kg” i.m.; or subpubic 
block using 0.5% bupivacaine 0.5 mg kg“ for each 
side. Analgesics were given after induction of 
anaesthesia and before the start of surgery. Children 
given extradural analgesia had more stable haemo- 
dynamic variables and smaller catecholamine con- 
centrations and needed less anaesthetic supple- 
mentation, with no analgesic requirement in the 
postoperative period. Nausea or vomiting were not 
reported in children given subpubic block. (Br. J. 
Anaesth. 1993; 71: 418-421) 


KEY WORDS 


Anaesthetic technique: extradural, regional. Analgesia: pre- 
emptive, postoperative. 


Hypospadias repair produces severe postoperative 
pain which may be treated at various levels in the 
nervous pathways involved. Local anaesthetics are 
the most potent inhibitors of pain, acting at either 
the axonal target of the peripheral nerves [1] or the 
‘level of the dorsal horn of the spinal cord [2]. 

Noxious stimuli generate prolonged post-stimulus 
sensory disturbances in the form of pain, hyper- 
algesia and allodynia [3]. Pre-injury block has been 
shown to reduce this hypersensitivity [4]. The 
concept of pre-emptive treatment of postoperative 
pain has been used at the axonal level of the 
peripheral nerves [1] and the spinal cord level [2, 5]. 
Pre-emptive treatment of acute pain at brain level is 
still unproven. 

The purpose of this study was to test the effect of 
different pre-surgical analgesic strategies in children 
subjected to hypospadias repair. 


PATIENTS AND METHODS 


We studied children aged 2-10 yr with penile 
hypospadias undergoing repair operations. Apart 
from this minor congenital deformity, all children 
were healthy. Exclusion criteria included a history of 
allergy to local anaesthetics, mental retardation and 
anomaly or disease in the lumbar vertebrae or pelvic 


bones. The randomized, double-blind, placebo- 
controlled study was approved by the local re- 
sponsible authorities and explained to the parents or 
guardians before written consent was obtained. The 
anaesthetist, the surgeon and recovery room nurse 
were blinded to the type of medication given. 

Children aged 2-5 yr were given diazepam 1 mg 
orally the night before surgery and 2h before 
anaesthesia; those older than 5 yr received 2 mg. 
They were admitted to the operation room early in 
the morning and a heparinized venous blood sample 
was obtained for measurement of plasma catechol- 
amine concentrations. Anaesthesia was induced with 
thiopentone 5 mg kg and atropine 0.02 mg kg” 
and tracheal intubation was facilitated by 1.v. 
administration of suxamethonium 1 mg kg. An- 
aesthesia was maintained with 66% nitrous oxide in 
oxygen supplemented with halothane. Heart rate and 
arterial pressure were maintained in a quasi-steady 
state by adjusting the halothane concentration. 
Neuromuscular block was produced with vecur- 
onium (initial dose 0.1 mg kg=-'). Central venous 
cannulation was performed via the right internal 
jugular or subclavian veins, for blood sampling and 
fluid administration. 

After induction of anaesthesia and before the start 
of surgery, analgesia was given by one of three 
techniques: lumbar extradural, i.m. or subpubic. 
The solutions were prepared outside the operating 
room so that they could not be recognized by the 
anaesthetist. All injections were performed by the 
same person, and all the children received injections 
in all three sites (lumbar extradural, i.m. and 
subpubic space). Active drug was given in only one 
site, saline being given at the remaining two sites. 
Surgery started after 25 min. 

Thirty children were allocated randomly to three 
groups. In group I, lumbar extradural analgesia was 
produced in 10 children by 0.5% bupivacaine 
1 mg kg"! mixed with morphine 50 pg kg-t given via 
the L2-3 space. In group II, morphine 100 pg ke 
was given i.m. in the gluteal region in 10 children. In 
group III (10 children), bilateral subpubic block was 
performed [1] using 0.5% bupivacaine 0.5 mg kg 
for each side. 

Monitoring comprised heart rate, continuous 
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TABLE I. Climcal data and anaesthetic time in children subjected to hypospadias repair (mean (range)) 


Duration of 
Age Body weight Height anaesthesia 
Group (yr) (kg) (cm) (min) 
I: Lumbar extradural 5.6 -T 19.0 (14-22) 106.7 (93-120) 111 (80-140) 
analgesia 
II: I.m. morphine 6.5 (3-9) 21.2 (14-28) 115.6 (90-134) 109 (60-140) 
Ill: Subpubic block 5.1 (2-10) 17.8 (10-30) 102.1 (75-138) 120 (65-165) 


three-lead ECG, non-invasive arterial pressure and 
pulse oximetry. Central venous blood samples were 
obtained for measurement of plasma concentrations 
of adrenaline, noradrenaline and morphine. Samples 
for measurement of catecholamines were obtained 
30 min after the start of surgery, at the end of 
surgery and 60 min after anaesthesia. Samples for 
morphine were obtained 2, 5, 10, 20, 30, 45, 60, 75, 
90, 120 and 240 min after the injection of analgesic. 

The senior recovery room nurse assessed all 
children according to an observational scoring 
system [6] using crying, movement, agitation, pos- 
ture and localization of pain as scoring criteria—each 
scored 0-4, to give a range of 0-20 for a summed 
total score. Vomiting and nasal itching were 
recorded. Midazolam 0.1 mg kg, alone or with 
fentanyl 1.0 ug kg or pethidine 1.0 mg kg’, was 
given to children with high scores. The children 
were observed in the ward for pain, vomiting and 
nasal itching. 

Plasma concentrations of catecholamines and 
morphine were measured by HPLC using elec- 
trochemical detection at 750 mV and 700 mV, re- 
spectively. The extraction and assay of catechol- 
amines have been described previously [7]. Sodium 
metabisulphite was used as antioxidant and the 
mobile phase consisted of acetonitrile/monosodium 
acid phosphate 0.1 mol litre’ (10:90), l-octane 
sulphonic acid 4 mmol litret, EDTA 0.1 mmol 
litre-!, sodium chloride 0.01 mol litre? and pH 
adjusted to 3. Calibration curves were constructed 
daily for each catecholamine using dihydroxy- 
benzylamine as internal standard. The lower limits 
for detection were 0.06 and 0.07 ng ml! for nor- 
adrenaline and adrenaline, respectively. The tech- 
nique of morphine extraction and assay has been 
described elsewhere [8]; we used toluene and not 
benzene in the extraction process. A calibration 
curve was constructed daily using nalorphine as 
internal standard. The lower limit for detection of 
morphine was 2.5 ng ml. 

Data were analysed using an SPSS statistical 
program. Intergroup comparison was performed 
using the Mann-Whitney U test. Non-parametric 
variables were analysed by Friedman test for inter- 
group difference and by Wilcoxon rank-sum test for 
two-group difference. P < 0.05 was taken as sig- 
nificant. The statistical software Pharm/SCS was 
used for analysis of pharmacokinetics. Plasma con- 
centration—time data were described best by a two- 
compartment model with first order absorption. The 
total area under the curve (AUC) was derived using 
the trapezoid rule. 


TABLE II. Mean perioperative heart rate and artertal pressure (AP) 
in children subjected to hypospadias repair. Significant differences (P 
< 0.05): * compared with group I; f compared with group II 


During 
anaesthesia Recovery 
Before — ——______ 
induction 30min End 30min 60min 


Heart rate (beat min™}) 


Group I 119 133 101 89 98 

Group IT 125 122 103 96 102 

Group III 112+ 125 117*+ 101 102 
Systolic AP (mm Hg) 

Group I 111 104 106 102 99 

Group II 113 106 120* 111* 108* 

Group III 111 113* 115 112 112* 
Diastolic AP (mm Hg) 

Group I 60 53 60 53 51 

Group IT 59 53 57 58 54 

Group IT] 60 62* 60 65* 60 


TABLE III. Number of children who required an analgesic, sedative, 

or both, suffered from vomiting, or developed nasal itching during 

their stay in the recovery room or in the ward after hypospadias 

repair, in groups I (lumbar extradural block), II (morphine i.m.) and 
IILI (subpubic block). NR = Not reported 


Recovery 
room Ward 


I Wt II I II IN 


Analgesic-sedative 
Midazolam 0.1 mg kg™! 1 3 I 0 0 0 
Midazolam 0.1 mg kg`t+ 0 I 4 0 0 0 


pethidine 1 mg kg 
Midazolam 0.1 mg kg7?+ 0 2 1 0 0 0 
fentanyl 1 ug kg7! 


Vomiting 3 4 NR 2 1 NR 
Nasal itching 4 NR NR 3 4 NR 
RESULTS 


Clinical data and duration of anaesthesia are shown 
in table I. Heart rate increased significantly by the 
end of anaesthesia in children in group ITI (subpubic 
block) (table II). However, during recovery there 
was no significant difference between the three 
groups. Arterial pressure was least during anaes- 
thesia and recovery in the lumbar extradural group 
(group I) (table II). Perioperative plasma concen- 
trations of adrenaline did not differ between groups, 
while plasma concentration of noradrenaline was 
greater in the morphine group (group I) than in the 
two other groups before anaesthesia and during 
surgery. During recovery there was no significant 
difference in plasma noradrenaline concentration 
between groups. 


Morphine (ng mi~?) 
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Time (min) 


Fic. 1. Individual plasma morphine concentrations after lumbar 
extradural administration of morphine 0.05 mg kg? in nine 
children undergoing hypospadias repair. 
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Fic. 2. Individual plasma morphine concentrations after i.m. 
administration of morphine 0.1 mg kg? in 10 children undergoing 
hypospadias repair. 


TABLE IV. Pharmacokinetic variables (mean (SD)) of morphine given 
extradurally (0.05 mg kg` t) or i.m. (0.1 mg kg~*) to children under- 
going hypospadias repair. K, = absorption constant; Cmax = 
maximum plasma concentration; tCmax = the time at which Cmax 
was reached; AUC = the area under the plasma concentration—time 
curve. * Significant difference between groups (P < 0.05) 


Extradural I.m. 
morphine morphine 
(n = 9) (n = 10) 
K, 0.51 (0.38) * 0.78 (0.26) 
Cmax (ng ml‘) 42.7 (10.2) 61.6 (31.9) 
tCmax (min) 11.7 (7.1) * 6.6 (3.3) 


AUC (ng mI! min™) 2716 (1115) * 3385 (424) 


Two children in the lumbar extradural group 
needed supplementation with 0.5% and 1% halo- 
thane for 40 and 5 min, respectively ; four children in 
the morphine group required 0.5-1 % halothane for 
a mean duration of 50 min. Most children (n = 9) in 
the subpubic block group needed supplementation 
with halothane in greater concentrations (0.5-2 %) 
for a mean duration of 60 min. 

During recovery, the mean observational scores in 
groups I, II and III were 0.8, 2.8 and 4.6, 
respectively (significant differences between groups), 
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but there was no significant difference in Spo, values 
between groups. Only one child in the lumbar 
extradural group (I) needed sedation, while more 
than 50% of the other children required sedation 
and analgesia (table III). Vomiting was reported in 
groups I (lumbar extradural) and II (morphine), but 
nasal itching occurred only in group I (table III). 

In the ward, vomiting was reported in two children 
who received lumbar extradural analgesia and in one 
child in the morphine group. Nasal itching was 
observed in both these groups (table IIT). 

Plasma concentrations of morphine are displayed 
in figures 1 and 2 for children in groups I (lumbar 
extradural) and II (morphine), respectively. The 
pharmacokinetic variables are calculated in table [V. 
There was no significant difference in peak plasma 
concentrations (Cmax) between the two groups. The 
time at which Cmax was reached (tCmax) was 
significantly delayed in group I children. However, 
the area under the plasma concentration—time curve 
(AUC) was less in that group compared with children 
given morphine. 


DISCUSSION 


We have shown that pre-surgical administration of 
lumbar extradural block was associated with a more 
stable intraoperative course than was achieved with 
pre-surgical administration of subpubic block or i.m. 
morphine. Heart rate and arterial pressure were 
relatively more stable, while fewer children required 
halothane supplementation and for a shorter dur- 
ation. These findings were not unexpected, as the 
combination of local anaesthesia and a strong opioid 
such as morphine at the neuroaxial level protects 
against noxious stimuli. 

The outcome measures in the postoperative period 
involved observational scoring and the total sedative 
and analgesic requirements. Pre-verbal children 
were excluded and we relied on behavioural observa- 
tions as being more objective and independent of 
verbal skills. We encouraged the nurse to com- 
municate with the children to accommodate changes 
in pain behaviour which may probably occur in older 
children. The observational score was smallest in 
children given lumbar extradural analgesia, and only 
one child needed sedation in the recovery room. 
Nausea and vomiting were not reported in children 
after subpubic block. This is an advantage of this 
simple technique. 

The degree of postoperative analgesia was not a 
function of the plasma concentration of morphine. 
Two hours after extradural morphine admin- 
istration, it was possible to detect appreciable 
concentrations of morphine in only three children, 
while after 4 h no morphine could be detected in any 
child in this group. I.m. administration of morphine 
produced greater plasma concentrations and for a 
longer duration than after extradural administration, 
yet there was no significant difference in post- 
operative outcome measures. This may be attribu- 
table to the concomitant administration of bupiv- 
acaine and deposition of morphine near opioid 
receptors in the neuraxis in the extradural group. 

The purpose of pre-emptive analgesia is to prevent 
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encoding of the painful stimulus in the nervous 
system. This encoding has been delayed in our 
children given lumbar extradural analgesia, by 
administration of local anaesthetic and a strong 
opioid, resulting in satisfactory outcome measures 
during surgery and in the postoperative period. This 
cannot be claimed in children given subpubic block 
because it is not certain if all nerves can be blocked 
with subpubic injection. 

The limitation of this study is that we have not 
administered analgesia randomly at the start of 
surgery or after the completion of the repair and thus 
this is not a definitive study of pre-emptive analgesia. 
However, pre-surgical analgesia using lumbar extra- 
dural block with a local anaesthetic and opioid 
produced satisfactory surgical and postoperative 
outcome measures in our children. Subpubic block 
and parenteral morphine produced moderate out- 
come measures. 
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HYALURONIDASE 


D. WATSON 


In 1929, Duran-Reynals investigated a spreading 
factor found in certain strains of streptococcal 
bacteria [4]. This factor was discovered to be an 
enzyme acting predominantly on hyaluronic acid and 
it was subsequently named hyaluronidase. The 
enzyme has also been found in the ox spleen, iris and 
cornea and snake and honey bee venoms [5, 23]. 
However, there are differences between these 
enzymes, as they possess different pH optima. 
Hyaluronidase is used to improve the spread of local 
anaesthetic solutions through tissue planes. The 
predominant substrates for hyaluronidase are hyalu- 
ronic acid and, to a lesser extent, chondroitin 
sulphates. 


Composition of connective tissue 

The major component of connective tissue is 
collagen. Depending on the site of the structure and 
its function, there are variable arrangements of the 
collagen bundles. The dura mater, for instance, 
consists of both collagen and elastin fibres; on both 
inner and outer surfaces are layers of flattened 
fibroblasts [39]. 


Biochemistry 

The “ground substance” which surrounds cells 
comprises the proteoglycans. These consist of pro- 
teins bound covalently to the glycosaminoglycans 
hyaluronic acid (1% protein binding), chondroitin- 
4-sulphate and chondroitin-6-sulphate. The relative 
molecular mass of such a proteoglycan molecule is 
2x 10° Da (1 Da = one-twelfth the mass of a carbon- 
12 atom). 

Approximately 20-250 of these proteoglycan 
molecules form an aggregate with hyaluronic acid. 
Hyaluronic acid is synthesized by fibroblasts and 
their derivative cells and, to a degree, chondrocytes. 
It is a linear polymer of alternate glycosidic-linked 
monosaccharides, D-glucuronic acid and 2- 
acetamido-2-deoxy-p-glucose (fig. 1) [3, 11]. 

The repeating subunit of hyaluronic acid (di- 
saccharide component) may be shown by the no- 
tation [11]: 


[> 3)GIcNAc(B1 > 4)GICUA(B1 >] 


where GlcNAc = 2-acetamido-2-deoxy-p-glucose, 
GICUA = p-glucuronic acid and the arrows and 
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numbers, respectively, refer to the glycosidic-linkage 
regions between monomer moieties forming the 
unbranched, heteropolysaccharide chain. 


Physical properties of ground substance 


Hyaluronic acid is found within connective tissues 
such as Wharton’s jelly in the umbilical cord, skin, 
aorta, vitreous humour of the eye, joint cartilage and _ 
the nucleus pulposus, in addition to the fluid of 
synovial joints. A few of these are examples of 
protein glycosaminoglycan gels. Hyaluronic acid, 
being a polyanion, has its carboxyl groups completely 
ionized at pH 7.0 and is therefore highly soluble in 
water [19]. 

The viscosity of synovial fluid is directly at- 
tributable to the hyaluronic acid content and its 
inherent hygroscopic properties. Chondroitin sul- 
phates are present in more dense structures such as 
ligaments and tendons and are particularly important 
in the structure of articular cartilage. 


Action of hyaluromdase 


Mammalian hyaluronidase (trade name Hyalase; 
CP Pharmaceuticals Ltd, Wrexham—a subsidiary of 
Fisons plc, Loughborough) is more correctly termed 
hyaluronoglucosaminidase (an endoglycosidase). 
This enzyme liquefies the interstitial barrier, present 
between cells, by cleaving the B-1,4 glycosidic bond 
between 2-acetamido-2-deoxy-D-glucose and D-glu- 
curonic acid. After prolonged action of the enzyme, 
the tetrasaccharide is formed: 


[GIcUA(B1 > 3)GIcNAc(B1 > 4)GIcCUA(BI > 3) 
GIcNAc] 


This is a reversible and short-lived depolymerizing 
action which is pH- and temperature-dependent. 
However, breakdown products are excreted in the 
urine [11]. 

Therefore, under the action of hyaluronidase the 
normal, high viscosity and lubricating ability of 
hyaluronic acid is lessened and this improves the 
diffusion of injected substances within tissue planes. 
However, the spread of substances across collagen- 
ous barriers is not facilitated. 


Commercial availability 
Commercially available hyaluronidase is of ovine 
origin and is supplied for clinical use as a white, 
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Fic. 1. Hyaluronic acid: tetrasaccharide segment of the 
carbohydrate chain, showing basic structural elements of glycos- 
aminoglycans. 


freeze-dried, water soluble powder containing 
1500 i.u. (BP) per ampoule. It also contains a trace of 
tyrosine (less than 0.15 mg/unit of hyaluronidase). 

‘There are cases of allergy recorded in the litera- 
ture, and hyaluronidase has an apparent role in the 
massive increase in capillary permeability seen in 
anaphylactic reactions [34]. Therefore, caution is 
advised in atopic individuals [37]. 

The United Kingdom supplier to the health 
profession is CP Pharmaceuticals Ltd, but until 1985 
makers included Evans Medical Ltd and, previously, 
Benger Ltd. The sales figures for this period give an 
idea of the importance of hyaluronidase in medical 
practice. In 1985 there were 82000 ampoules sold 
and in 1990, 110000 ampoules (Marketing De- 
partment figures). There is also a stable injectable 
solution, Wydase (R) (pH 6.4-7.4), which must be 
stored at 2-8 °C. The recommended dose is 1500 i.u., 
regardless of volume injected. 

The product licence for hyaluronidase has been 
extended recently for use with s.c. and i.m. injec- 
tions. In patients in whom there has been ex- 
travasation of cytotoxic substances, hyaluronidase 
has a place in limiting destruction of subcutaneous 
tissues [9]. 

There is also a topical preparation of hyaluronidase 
with heparin, for use on bruised areas of skin to 
reduce the inflammation and thrombophlebitis asso- 
ciated with needle puncture sites and the oedema 
associated with haemorrhoids. This mixture is in an 
ointment form under the trade name Lasonil (Bayer 
U.K. Ltd). This product contains 150 i.u. of hyal- 
uronidase and heparinoid 50 u g~ (a semi-synthetic, 
sulphated derivative of heparin). 


Past uses 


The major problem with previous work has been 
the lack of project design and statistical analysis 
(12, 14, 17, 26,31]. Recently, hyaluronidase was 
used, with little obvious success, in patients suffering 
from early myocardial infarction [32]; thrombolytic 
agents such as streptokinase have superseded hyal- 
uronidase in this condition. 

Midazolam has been given i.m. for premedication, 
with hyaluronidase [13]. Unfortunately, the midaz- 
olam was extremely irritant and painful. 

Although hyaluronidase improves the absorption 
of fluids administered s.c., the advance of safe, 
reliable venous access has removed the need for 
hypodermoclysis. However, it is historically inter- 
esting to note that 1000 ml of fluid may be given over 
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about 15h by this route when hyaluronidase 
1500 i.u. is added to the solution; the hydrostatic 
pressure required is about 100 cm H,O [10]. 
Hyaluronidase has been used to reduce synovial 
fluid viscosity in diseased joints and topically in 
combination with local anaesthetics for tracheal 
intubation [14, 31]. Kurzrok, Leonard and Conrad 
[17] investigated the association of hyaluronidase 
production, by malignant cells, with the spread of 
mesothelioma of the pleura and peritoneum. 


Local anaesthetic uses 


Duran-Reynals was the first to investigate the 
“spreading ability ” of hyaluronidase combined with 
plain local anaesthetics [6]. In order to observe the 
effect better, he used India Ink as a marker. When the 
tissues were “‘massaged”’ there was a greatly in- 
creased spread of the dye, in Keeping with its action 
in reducing the integrity of ground substance. 
Further studies by Forbes and colleagues [10] and 
DeFelice and colleagues [2] showed conflicting 
results. In the latter case, the use of the marker 
Phenol Red in ethanol may have altered the activity 
of the enzyme and thus limited the spread of the 
marker. 

Kirby, Eckenhoff and Looby studied the com- 
bination of adrenaline, hyaluronidase and local 
anaesthetics and suggested that adrenaline reduced 
the uptake, but not the spread, of local anaesthetics 
administered s.c. [16]. 

Many combinations of local anaesthetics and 
hyaluronidase have been used in almost every 
possible situation. These have included dental 
procedures, fractures and regional blocks [38]. 
However, there are no satisfactory data for statistical 
interpretation in most of the earlier studies 
[8, 25, 29, 36]. 

The use of hyaluronidase to promote regression of 
oedema in acute thrombosed haemorrhoids improves 
operating conditions and enhances spread of the 
injected local anaesthetic [35]. The enzyme allows 
smaller volumes of local anaesthetics to be used and, 
when combined with adrenaline, gives prolonged 
postoperative analgesia. This is not a surprising 
finding, in view of the evidence by previous investi- 
gators [2,8]. The lessened tumescence of the soft 
tissues during digital nerve blocks, using plain 
solutions, was used to advantage by Phalen [30]. 


Present uses 


Plastic surgeons still use hyaluronidase, but its 
importance may be declining [22]. The advantage of 
the combination of hyaluronidase and plain local 
anaesthetics was to provide larger areas of donor skin 
grafts without obscuring tissue landmarks for the 
same volume of local anaesthetic administered s.c. 
Lewis-Smith demonstrated this application and used 
fluorescein to monitor the spread of lignocaine 
injected s.c. in forearm grafts [21]. This repeated 
previous work by Duran-Reynals in 1929 [4], but 
used more modern methods. 

The major present day use of hyaluronidase is in 
the specialty of ophthalmology [24]. The early work 
of Atkinson and Lebensohn still influences the use of 
hyaluronidase in eye surgery [1,18]. Nicoll and 
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colleagues gave a good account of the continuing 
place of hyaluronidase in retrobulbar blocks for 
cataract surgery [28]. The apparent lack of toxic 
reactions after retrobulbar block was shown in an 
audit of 6000 blocks [27]. This safety was confirmed 
by Rosenblatt, May and Barsoumian [33]. However, 
they found that severe reactions, including cardiac 
arrest, still occurred when hyaluronidase was not 
used, and therefore improving the spread of the local 
anaesthetic did not influence subsequent reactions. 

More recent work from North America has 
demonstrated the advantage of buffering the acidic 
injectate of lignocaine—adrenaline—hyaluronidase 
with sodium bicarbonate [7]. This improved the 
comfort of the local anaesthetic infiltration and made 
day-case ophthalmic procedures more acceptable. 
However, buffering of plain bupivacaine solutions, 
containing hyaluronidase, with sodium bicarbonate 
to give a stable pH of 6.8 resulted in a greater 
requirement for supplementary peribulbar block 
[20]. 

Keeler and colleagues studied the place of hyal- 
uronidase in axillary brachial plexus blocks and 
showed that the addition of this agent, together with 
adrenaline, decreased the duration of anaesthesia 
[15]. Whether hyaluronic acid is actually present 
within the axillary sheath was not discussed. The 
number of patients in both groups studied was small 
and there were a large number of failures. The only 
apparent difference between the study groups served 
merely to confirm that there was more rapid 
regression of anaesthesia when hyaluronidase was 
used. This is certainly a disadvantage for the 
management of postoperative pain. 


The future 


‘The greatest use of hyaluronidase will continue to 
be in the specialty of ophthalmology. Improving and 
encouraging patient acceptance of local anaesthesia 
may be increased if the pain of injection is lessened 
[7]. This may obviate general anaesthesia and, in the 
long term, have cost benefits. 

Other areas in which hyaluronidase may have 
applications could include local anaesthetic nerve 
blocks for postoperative pain relief. The use of local 
anaesthetic-hyaluronidase combinations in pain re- 
lief for high ligations in varicose vein surgery or 
hernia surgery may be worthy of further study. 
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INTERPLEURAL ANALGESIA 


D. F. MURPHY 


The technique of interpleural analgesia for patients 
with acute or chronic pain has not yet been the 
subject of critical review. As there is now an 
extensive list of published studies of the use of this 
technique, it seems timely to attempt to define the 
place of interpleural analgesia and anaesthesia in 
clinical practice. This article attempts to review 
anatomical and pharmacological considerations, in 
addition to evaluating the efficacy of interpleural 
analgesia after different types of surgery and in 
chronic pain management. 


BACKGROUND 


Although block of the intercostal nerves is not new, 
interest in this technique was revived when Nunn 
and Slavin re-examined the anatomy of the in- 
tercostal space in cadavers [48]. These authors 
deduced that an injection deep to the posterior 
intercostal membrane would allow the injected 
solution to spread from the site of injection to 
adjacent intercostal spaces. This idea led O’Kelly 
and Garry to describe a technique of multiple 
intercostal nerve blocks using a single intercostal 
injection in a patient with multiple unilateral frac- 
tured ribs [49]. The first series of patients in whom 
this technique was used was described by Murphy in 
1983 [44, 45], who used it in patients with multiple 
fractured ribs and in postoperative patients after 
gallbladder and kidney surgery. One year later, 
Reiestad and Kvalheim [54] published their results 
of continuous intercostal merve block for post- 
operative pain relief and presented their modification 
of the technique, which is now termed “‘interpleural 
analgesia” [32]. 


ANATOMICAL CONSIDERATIONS 


Recent studies have shown that there is considerably 
more variability in the anatomy of the intercostal 
space than is suggested in the classic textbooks of 
anatomy [3] and neural block [84]. Classically, the 
intercostal muscles are described in three layers (figs 
1, 2). The external intercostal muscle originates from 
the tubercles and the lower borders of each rib and is 
directed obliquely downwards and forwards to be 
inserted into the upper borders of the adjacent ribs 
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below. The internal intercostal muscle originates 
from the lower border of each rib and costal cartilage 
and is directed obliquely backwards to be inserted 
into the upper borders of the adjacent ribs below. 
The innermost layer of muscles, which corresponds 
to the transversus abdominis muscle in the abdomen, 
ig composed of a group of muscles, the transversus 
thoracis group. The most important of these, the 
intercostalis intimus, runs obliquely downwards and 
backwards from the inner edge of the ribs to the 
upper borders of the adjacent ribs. Some fibres may 
bridge more than one intercostal space to be inserted 
into the 2nd or 3rd adjacent rib. The intercostal 
nerve is classically described as running under the 
shelter of the intercostal groove, and is situated 
below the intercostal vein and artery. 

Nunn and Slavin [48] performed detailed studies 
in six cadavers subjected to postmortem. At the 6th 
intercostal space, 7 cm from the posterior midline, 
the ribs were found to have an average thickness of 
approximately 9mm. At this point the external 
intercostal muscle was of variable thickness, but was 
well developed and bound internally by the posterior 
intercostal membrane—the aponeurotic extension of 
the internal intercostal muscle. In contrast to this 
sturdy membrane, the innermost intercostal muscle, 
the intercostalis intimus muscle was “a flimsy 
structure composed of several fascicles through 
which injected India ink passes freely to reach the 
subpleural space”. The nerves, arteries and veins 
were consistently found in the tissue plane deep to 
the posterior intercostal membrane and superficial to 
the intercostalis intimus muscle, with no fixed 
relationships to the ribs above or below. The 
intercostal nerves were found to run ‘fas three or 
four separate bundles with no single neural sheath ” 
and with considerable variation in relationship to 
and size compared with associated intercostal arteries 
and veins. Studies by Hardy [26] on the anatomical 
variation in position of the nerves to the ribs concur 
with the findings of Nunn and Slavin. In 30 cadavers, 
the 2nd to 11th intercostal nerves were dissected and 
were found to occupy the classically described 
subcostal position in only 17% of cases. 

As the intercostal nerves were found consistently 
to occupy the tissue plane deep to the posterior 
intercostal membrane and superficial to the inter- 
costalis intimus muscle, initial attempts at con- 
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tinuous intercostal nerve block were directed at ink through an extradural catheter inserted into this 
location of this tissue plane and assessment of the tissue plane and examined the spread of the ink 
degree of spread of solutions injected into this space, within the chest cavity after removal of the thoracic 


In a study in cadavers, Murphy [46] infused India viscera. It was found that “by pushing the parietal 
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pleura forward, the dye spread easily, sub-pleurally, 
to reach intercostal spaces above and below the one 
cannulated”. In only 50%, of the examinations did 
the ink spread medially to reach the paravertebral 
space. Similar results were found by Crossley and 
Hosie [14], who radiographically mapped the spread 
of iopamidol with lignocaine in 10 healthy volun- 
teers. In contrast, Mowbray, Wong and Murray [42] 
found that spread of methylene blue into the 
paravertebral space occurred almost invariably and 
they believe that it is by this means that analgesia can 
extend over several dermatomes. 

Few investigators have attempted to elucidate the 
mechanism of action of local anaesthetic agents 
injected between the parietal and visceral pleura. 
Studies in dogs [60] using somatosensory evoked 
potentials indicated that interpleural bupivacaine 
produces gravity-dependent intercostal nerve block, 
with no evidence of spinal or extradural block. 
Studies by Stromskag, Hauge and Steen [78], using 
computed tomography in patients receiving inter- 
pleural analgesia after different types of surgery, are 
in agreement with these findings. They suggested 
that interpleural local anaesthetics act by retrograde 
diffusion to reach the intercostal nerves. 


TECHNIQUE OF CONTINUOUS INTERPLEURAL 
ANALGESIA 


The principle of the technique is to deposit the local 
anaesthetic drug in a tissue plane which allows it to 
reach several intercostal nerves after a single in- 
jection. Two such tissue planes are available for 
this purpose: the tissue plane deep to the internal 
intercostal muscle but superficial to the parietal 
pleura, and that between the parietal and visceral 
layers of pleura. 

Cannulation of the tissue plane deep to the internal 
intercostal muscle was described first, but this plane 
is more difficult to locate because of a lack of precise 
end-point for its determination. In this technique, 
a ‘Tuohy needle is inserted with the bevel pointed 
medially within 7-8cm of the spinous process. 
Location of the plane relies on insertion of the needle 
3-8 mm deep to the rib. A characteristic “pop” may 
be felt as the aponeurosis is pierced. Passage of an 
extradural catheter into this space may be facilitated 
by directing the needle at a slight angle toward the 
midline. The catheter may be inserted 3-5 cm within 
this tissue plane with ease. 

Cannulation of the tissue plane between the 
parietal and visceral pleura is accomplished in a 
similar manner and in a similar location, although 
the mid-axillary line also has been used [6]. When 
the posterior intercostal membrane is pierced, the 
trocar of the Tuohy needle is removed and a freely 
moving air-filled glass syringe is attached to the hub 
of the needle. The needle is then advanced using 
a “loss of resistance to air” technique until the 
pleural cavity is located. The extradural catheter is 
then inserted 5-6cm [59]. Modifications to this 
technique have been described which aim to reduce 
the potential for air entrainment into the pleural 
cavity. These include use of a “hanging drop 
technique” [76] and use of a fluid-filled syringe 
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to detect negative pleural pressure [71,89]. The 
catheter may also be inserted by the surgeon during 
operation when appropriate [38, 64, 65]. 


TAXONOMY 


Because the techniques of intercostal and inter- 
pleural analgesia, as described above, do not differ in 
their proposed mode of action, the term “‘inter- 
pleural analgesia” is used henceforth to describe 
both approaches. 

The terms “interpleural”’ and ‘intrapleural’’ have 
been used interchangeably to describe the space 
between the parietal and visceral pleura into which 
local anaesthetic is deposited. Covino [13] suggested 
that the term “‘interpleural’’ be used because “the 
catheter is located and the local anaesthetic solution 
deposited between the two layers of pleura rather 
than within the pleura”. As pointed out by other 
authors, however, “parietal and visceral pleura are 
continuous around the hilar structures and the right 
and left pleural sacs are distinct. Therefore, an 
injection of local anaesthetic through a needle that 
has penetrated the parietal membrane, but not the 
visceral membrane, is intrapleural”’ [39]. It has been 
suggested that both prefixes be eliminated in the 
interest of simplicity and that the technique be 
described as “pleural block ” [4]. In the absence of a 
consensus, the more common term of “‘interpleural 
analgesia” is used here. 


CLINICAL STUDIES 


The indications for which interpleural analgesia has 
been used are listed on table I. Most clinical studies 
have been performed in patients recovering from 
gallbladder or thoracic surgery. Less frequently, this 
technique has been used for pain relief in patients 
with multiple fractured ribs. Other indications are 
uncommon. 


Pain relief after cholecystectomy 


Studies in patients after cholecystectomy have 
consistently shown interpleural analgesia to be 
effective [7, 18, 21, 22, 30, 33, 34, 44, 45, 50, 59, 70, 
80, 81, 87]. In a study by Murphy [44] of patients 
receiving 0.5% bupivacaine 20 ml as required after 
cholecystectomy, 92% and 76%% required no other 
supplementary analgesia in the first 24 and 48 h after 
surgery, respectively. Development of tachyphylaxis 
was the indication for opioid supplementation in 


‘TABLE I. Indications for interpleural analgesia 





Postoperative analgesia 
Cholecystectomy [7, 18, 21, 33, 34, 44, 48, 59, 81, 87] 
Thoracic surgery [28, 36, 38, 42, 43, 62, 63, 65, 67] 
Renal surgery [32, 45, 55, 59, 82, 85] 
Breast surgery [55, 59, 69] 
Cardiac surgery [5, 6] 
Abdominal surgery [17, 35] 

Multiple fractured ribs [25, 45, 49, 61] 

Cancer pain management [15, 16, 20, 58] 

Acute herpes zoster [27] 

Post-herpetic neuralgia [56, 58, 74, 75] 

Pain in chronic pancreatitis [1, 58, 75] 

Reflex sympathetic dystrophy [57] 

Upper limb ischaemia [53] 
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most subjects. The mean duration of action of 
bupivacaine in this study was approximately 7 h. 

VadeBoncouer and colleagues [87] compared 
interpleural bupivacaine with interpleural saline in a 
study of patients also receiving morphine via a 
patient controlled analgesia (PCA) device. On the 
first day after operation these patients received a 
single injection of 0.5% bupivacaine 20 ml with 
adrenaline or 0.9% saline 20 ml by random al- 
location. Their PCA morphine requirements were 
then evaluated over the succeeding 6h. Patients 
receiving interpleural bupivacaine required sig- 
nificantly less morphine during this period compared 
with patients receiving saline. A similar reduction in 
PCA morphine requirement was found by Lee and 
colleagues [34], who administered interpleural 
bupivacaine or saline 4-hourly for 24h. The mean 
morphine requirements over this period were 
21.6 mg and 72.4 mg, respectively. 

In a comparison of 0.25%, 0.375% and 0.5% 
bupivacaine with adrenaline in patients after chole- 
cystectomy, Stromskag and colleagues [81] found 
the quality of analgesia to be consistently good in all 
groups. The mean visual analogue pain score did not 
exceed 20 mm (0-100 mm scale) for all groups up to 
4h after injection. The duration of action was very 
variable, however (range 2-18 h). In comparing 


different volumes of interpleural bupivacaine, 


Stromskag, Minor and Lindeberg [80] found that 
0.5% bupivacaine 20 ml was similar in effect to 
0.25% bupivacaine 40 ml. 

Laurito and colleagues [33] compared a con- 
tinuous infusion of interpleural 0.25% bupivacaine 
0.125 ml kg +h with intermittent bolus doses of 
0.5 % bupivacaine 0.4 ml kg! and found the infusion 
to provide better pain relief. 


Pain relief after thoracotomy 


Although the benefits of interpleural analgesia 
after cholecystectomy have been demonstrated con- 
sistently, studies on its use after thoracotomy have 
been inconclusive. McIlvaine and colleagues [37, 
38] reported the use of this technique in 14 chil- 
dren in whom interpleural catheters were inserted 
before chest closure and a continuous interpleural 
infusion of 0.25% bupivacaine with adrenaline 
0.5-1 ml keh was used; opioid analgesia was 
available as required. These authors found that 
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infusion of 0.25% bupivacaine to 14 patients after 
thoracotomy and prescribed i.m. oxycodone as 
required. They found that all patients required 
oxycodone in doses which did not differ significantly 
from those not receiving interpleural analgesia in 
their previous studies. Additionally, they found that 
much of the instilled bupivacaine was lost in the 
drainage tubing. In a subsequent study of 20 patients 
[68], this group prevented loss of bupivacaine by 
clamping the drainage tubes, but found little ad- 
vantage in comparison with i.m. oxycodone alone. 
Ferrante and colleagues [19] found that 30-40 % of 
administered bupivacaine was lost via the drain- 
age tube, resulting in inadequate analgesia after 
thoracotomy. 

It is well recognized that regional analgesia 
techniques may not be completely effective after 
thoracotomy and some post-thoracotomy pain has 
been attributed to other causes such as diaphragmatic 
irritation and scapular retraction [12]. This has been 
found for extradural analgesia and may also explain 
the inadequacy of interpleural analgesia in these 
patients. 


Pain reltef after renal surgery 


Interpleural analgesia has been used successfully 
for percutaneous nephrostomy and nephro- 
lithotomy, for extracorporeal shock wave lithotripsy 
(ESWL) and for pain management after open renal 
surgery. Trivedi, Robalino and Shevde [85] de- 
scribed four patients in whom interpleural analgesia 
(0.5 % bupivacaine 30 ml) was used without the need 
of supplementary sedative or analgesic drugs for 
nephrostomy and subsequent nephrolithotomy. 
Stromskag and Steen [82] reported the use of 
interpleural analgesia for ESWL in comparison with 
extradural analgesia. By random sequence 10 
patients each received interpleural analgesia (2% 
lignocaine 20 ml) or lumbar extradural 1.3% mepiv- 
acaine 22-25 ml. In addition, both groups received 
fentanyl and diazepam during operation, as required. 
Pain was significantly greater in patients receiving 
interpleural analgesia at 15 and 30 min after the start 
of ESWL, but not at completion or 2 h later. Patients 
receiving interpleural analgesia required significantly 
more fentanyl than the extradural group. 

Murphy [45] used interpleural analgesia after 
nephrectomy, but found that it was inadequate in four 
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abdominal surgery. Schlesinger and colleagues [69] 
reported the use of interpleural analgesia as the sole 
anaesthetic technique for mammography during 
needle localization and for subsequent breast biopsy. 
Analgesia using this technique was adequate for 
surgery and no supplementary analgesia was 
required. Pain in the non-anaesthetized contralateral 
breast during its compression from mammography 
was greater in each case. Reiestad and Mclivaine 
[55] have also reported unilateral block of intercostal 
nerves (lst to 9th thoracic nerves), with complete 
skin anaesthesia sufficient for surgery to the breast. 
They recommended placing the patient in the lateral 
decubitus position with the affected side down and 
with a head-down tilt of 20° for 30 min after injection 
of the local anaesthetic. 

Baxter and colleagues [6] compared interpleural 
analgesia in patients after cardiac surgery with a 
similar patient group receiving i.v. opioids. In these 
patients, interpleural catheters were inserted bi- 
laterally and 0.25% bupivacaine 20 ml was instilled 
into each catheter every 6h as required. Patients 
receiving interpleural analgesia recorded signifi- 
cantly smaller pain scores throughout the study, 
although the duration of analgesia was quite variable 
(requirement for injections ranged from one to four 
per day). Bilateral interpleural analgesia has also 
been described for pain relief after midline upper 
abdominal surgery [17, 35]. 


Pain relief for multiple fractured ribs 


Interpleural analgesia is extremely effective in 
patients with multiple unilateral fractured ribs 
[25, 45, 49, 61]. The first use of interpleural an- 
algesia was in a patient with five unilateral fractured 
ribs who achieved 8h of pain relief from the first 
bolus of 0.5% plain bupivacaine 20 ml [49]. Sub- 
sequent injections gave relief of similar duration. 
Murphy [45] used this technique in 16 patients and 
found the duration of action was 8-12 h, with some 
patients requiring “‘top-ups”’ as infrequently as 
18-24 hourly. Rocco and colleagues [61] achieved 
complete pain relief in nine patients with four to 
eight unilateral rib fractures, using either regular 
top-ups or a continuous infusion of bupivacaine. 


Other indications for interpleural analgesia 


Interpleural analgesia has been used in several un- 
common situations, including management of cancer 
pain [15, 16, 20,58], symptomatic management of 
acute herpes zoster [27] and in post-herpetic neur- 
algia [56, 58, 74, 75], pain management in chronic 
pancreatitis [1, 58, 75], reflex sympathetic dystrophy 
[57] and in the treatment of upper limb ischaemia 
[52]. In addition, interpleural analgesia has been 
advocated in situations in which other forms of pain 
management have been considered less desirable, 
such as in patients with cystic fibrosis [9] and in a 
patient with multiple rib fractures and a serious head 
injury [25]. 

Comparison of interpleural analgesia with other 
methods of pain relief 


There have been few controlled studies comparing 
interpleural analgesia with other forms of analgesia. 
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Kastrissios and colleagues [29] compared inter- 
pleural analgesia with an i.v. infusion of pethidine in 
patients after cholecystectomy. Patients receiving 
interpleural analgesia received 0.5% bupivacaine 
20 ml with adrenaline 1:200000, followed by a 
continuous infusion of 0.25% bupivacaine 8 ml h“ 
without adrenaline and an additional 0.5% bupiv- 
acaine 20 ml with adrenaline after 5h. The second 
group received pethidine 20-30 mg h™*. Interpleural 
analgesia was associated with fewer side effects and 
with earlier mobilization, although the pain scores 
were similar for the two groups. Baxter and col- 
leagues [6] used bilateral interpleural analgesia 
infusions in patients after cardiac surgery and found 
consistently smaller pain scores compared with 
patients receiving i.v. opioid. In contrast, Scheinin, 
Lindgren and Rosenberg [68] found that interpleural 
analgesia in patients after thoracotomy was no better 
than i.m. oxycodone. 

Comparing interpleural local anaesthesia with 
interpleural saline after cholecystectomy in patients 
also receiving PCA morphine, Lee and colleagues 
[34] found a significant reduction in opioid re- 
quirement in the patients receiving local anaesthesia. 
In similar studies, VadeBoncouer and colleagues [87] 
and Mozell and colleagues [43] achieved similar 
results. In comparison with extradural local an- 
aesthetic for pain relief after cholecystectomy, Scott 
and colleagues [70] found that extradural local 
anaesthesia was similar to interpleural analgesia for 
pain relief, pulmonary function and stress response 
to surgery. Stenseth and colleagues [77] found that 
extradural local anaesthesia was better than inter- 
pleural analgesia in a similar group. Stromskag and 
Steen [82] found that extradural lignocaine provided 
better operating conditions than interpleural an- 
algesia for ESWL. Results obtained by Van Kleef, 
Burm and Vletter [88], who compared interpleural 
analgesia with multiple intercostal blocks in patients 
after gallbladder or renal surgery, showed that 
interpleural analgesia was of shorter duration, less 
reliable and associated with greater plasma concen- 
trations of bupivacaine for a similar total dose. 


Complications of interpleural analgesia 


Complications of interpleural analgesia have been 
reviewed by Stromskag, Minor and Steen [79]. A 
total of 703 cases were included from 57 original 
articles and published abstracts. The most com- 
monly registered complication was pneumothorax. 
This was documented in 14 patients. However, the 
authors cautioned against attempts to deduce the 
possible frequency of pneumothorax as, in many 
studies, chest x-ray findings were not reported, 
which makes interpretation impossible. 

Evidence of unilateral sympathetic block after 
interpleural analgesia has been reported frequently 
[8, 38, 41, 51, 57, 74]. In most cases this was evident 
as a Horner’s syndrome, and resolved without 
treatment. This unilateral sympathetic block has 
been used therapeutically by several authors 
(51,57, 74]. Reiestad and colleagues [57] reported 
the use of interpleural analgesia in seven patients 
with reflex sympathetic dystrophy of the upper 
extremity. Using 0.5% bupivacaine 30 ml with 
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adrenaline, these authors reliably induced a profound 
sympathetic block by positioning the patient in a 20° 
head-down, lateral decubitus position with the 
affected side uppermost. Sympathetic block was 
confirmed by a Horner’s syndrome, increase in skin 
temperature of the affected side and reduced 
sweating (cobalt blue filter paper test). Sihota and 
Holmblad [74] used the same technique in the 
management of post-herpetic neuralgia. 

Isolated case reports have been published of other 
complications, including massive chest wall haema- 
toma in a patient after cardiac surgery (using a 
modified technique for interpleural analgesia) [5], 
pleural effusion (which did not require surgical 
drainage) [47], catheter misplacement [24] and 
seizure activity in a patient under general anaesthesia 
[72]. Increased plasma concentrations and systemic 
toxicity from local anaesthesia have also been 
reported (see below). 


PHARMACOLOGY 


Plasma concentrations of local anaesthetic drugs after 
interpleural analgesia 

There is great difficulty in interpreting the 
significance of plasma concentrations of local an- 
aesthetic drugs after regional anaesthesia [86]. For 
this reason, many authors have measured plasma 
concentrations of lignocaine and bupivacaine after 
interpleural analgesia without any attempt at cor- 
relation with clinical response [2, 10, 23, 31, 
36, 38, 40, 63, 66, 67, 72, 81, 88]. The estimated 
threshold plasma concentrations associated with 
the onset of CNS toxicity for lignocaine and 
bupivacaine are usually quoted at 5-10 pg ml"! 
and 2-4ug mlt, respectively [86]. It may be, 
however, that the rate of change in plasma con- 
centration is more important in determining clinical 
toxicity than the absolute blood concentrations [50]. 
For this reason, most authors evaluating interpleural 
analgesia have concentrated on determination of the 
peak plasma concentration (Cmax) and the time to 
reach this concentration (tCmax). Many authors 
measured plasma concentrations in venous blood. 
Mogg and colleagues [40] compared arterial with 
venous plasma concentrations of bupivacaine after 
interpleural analgesia and showed that a 20% 
variation occurred between the two routes. Cmax for 
arterial samples was 1.9 (sp 0.36) ug ml“ and was 
attained at 22 (10) min. Venous Cmax was 
1.65 (+0.48) pg ml? at 25 (10) min. Van Kleef, 
Burm and Vletter [88] observed a difference of 10% 
variation between arterial and venous samples. 

As might be expected, Cmax increased with 
increasing dose of local anaesthetic. Stromskag and 
colleagues [81] compared arterial plasma concen- 
trations in three groups of 10 patients receiving 
0.25%, 0.375% or 0.5% bupivacaine 20 ml with 
adrenaline. Cmax was 0.62 (0.25) pg ml“, 0.82 
(0.4) ug mJ and 1.2 (0.44) ug mlt, respectively, all 
peak concentrations occurring at approximately 
15 min after injection. The influence of volume of a 
given dose has been studied for lignocaine by 
Kuhlman and colleagues [31]. These authors admin- 
istered 2% or 0.5% lignocaine 2mgkg™ with 
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adrenaline. Venous blood samples reached Cmax 
0.97 (0.46) pg mI and 0.52 (0.28) pg ml}; tCmax 
was 34 (13) min and 48 (14) min for the 2% and 
0.5% concentrations, respectively. 

Most authors used local anaesthetic with adren- 
aline, with the expectation of reducing the rate of 
drug absorption. Gin and colleagues [23] examined 
the effect of addition of adrenaline to the bupivacaine 
solution and confirmed that the peak plasma con- 
centration was smaller (venous Cmax 2.57 pg ml! 
compared with 3.22 ug ml) and the time to reach 
this peak, longer (tCmax 25 min compared with 
15 min) with addition of adrenaline. There was no 
difference in total body clearance, apparent volume 
of distribution or elimination half-life between the 
two groups. Rademaker and colleagues [53] showed 
no such difference associated with addition of 
adrenaline. 

After the commonly used dose of 0.5% bupiv- 
acaine 20 ml with adrenaline, the maximum arterial 
concentration of bupivacaine may be expected to be 
approximately 2 ug ml! within 15-20 min of in- 
jection and may be expected to increase with 
administration of repeated doses or with use of a 
continuous infusion [63,67]. Despite the large 
concentrations attained in some patients, clinical 
toxicity is rarely described in these patients. Only 
one instance of seizure activity has been reported 
[72]. This occurred when the first dose of bupivacaine 
was injected to a patient after cholecystectomy. The 
extradural catheter was inserted at termination of 
surgery. Five millilitre of straw-coloured fluid was 
aspirated through the catheter, but as no further 
fluid could be obtained, bupivacaine was injected. 
Within 1 min of the bupivacaine injection (0.5% 
bupivacaine 30 ml with 1: 100000 adrenaline over 2- 
min), seizure activity was noted in the head and neck 
region of the patient, who remained under general 
anaesthesia. Cardiovascular depression did not oc- 
cur, but awakening was noted to be prolonged. A 
maximum venous concentration of bupivacaine 
4.9 ug ml™ was found 5min after injection of 
bupivacaine. The authors felt that the pleura may 
have been inflamed after a recent pneumonia and 
contributed to rapid systemic absorption. 


Effect on pulmonary function 

Few authors have attempted to determine the 
effect of interpleural analgesia on postoperative 
pulmonary function. Murphy [44], using intermit- 
tent doses of bupivacaine after cholecystectomy, 
measured peak expiratory flow (using a Wrights 
spirometer) on the first day after operation when the 
patients requested analgesia. Thereafter, the inter- 
pleural bupivacaine was administered and peak flow 
remeasured 30—40 min later. Peak flow after top-up 
(212 (19) litre min“) was significantly greater than 
that before top-up (154 (14) litre min“) (P < 0.01). 

VadeBoncouer and colleagues [87] measured FEV, 
and FVC on the first day after operation before and 
I h after an interpleural injection of bupivacaine or 
saline. FEV, and FVC in patients receiving bupiv- 
acaine were significantly greater 1h after admin- 
istration of bupivacaine. Patients receiving saline 
showed no significant change in these measurements. 
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Chan and colleagues [11] achieved similar results 
comparing 6-hourly bolus doses of bupivacaine or 
saline. In contrast, Oxorn and Whatley [50] found 
that i.m. pethidine was better than interpleural 
analgesia with regard to pulmonary function. 


CONCLUSIONS 


Interpleural analgesia is clearly effective in patients 
after open cholecystectomy and in patients with 
multiple unilateral fractured ribs. In these situations, 
interpleural analgesia consistently provides high 
quality analgesia with few adverse effects and may be 
recommended as a safe alternative to thoracic 
extradural analgesia. The same consistency of effect 
has not been found for interpleural analgesia after 
thoracotomy. It is possible that variations in the 
technique used may be responsible for the disparity 
in results. Some authors attempt to place the 
extradural catheter in the tissue plane superficial to 
the parietal pleura, close to or in the paravertebral 
space. In this situation, perhaps less local anaesthetic 
is lost through thoracic drainage tubes and con- 
tributes to a more effective block. Interpleural 
analgesia has been used in other painful conditions 
for acute and chronic pain management with good 
effect, but these indications are relatively rare. 
Insufficient data are available to allow adequate 
comparison with other forms of analgesia. 

Systemic absorption of bupivacaine from the 
pleural cavity may be sufficient to produce large 
plasma concentrations of bupivacaine, especially if 
given as a continuous infusion over 2 days or more. 
The correlation between plasma concentration and 
clinical effect is poor, however, and little useful 
information can be derived from plasma bupivacaine 
sampling. Clinical signs of toxicity have rarely been 
reported for interpleural analgesia. 

Several variations on the technique of interpleural 
analgesia are described, but there appears to be little 
to choose between them. The effect in each case is 
thought to be the result of neuronal block at or lateral 
to the paravertebral space. There is a possibility of 
some extradural spread. Adverse effects are un- 
common; in particular, pneumothorax does not 
appear to be a significant problem, but the true 
incidence of this complication is unknown. 


REFERENCES 


1. Ahiburg P, Noreng M, Molgaard J, Egebo K. Treatment of 
pancreatic pain with interpleural bupivacaine; an open trial. 
Acta Anaesthestologica Scandinavica 1990; 34: 156-157. 

2. Baker PA, Schroeder D. Interpleural bupivacaine for post- 
operative pain during lactation. Anesthesia and Analgesia 
1989; 69: 400-402. 

3. Basmajian JV, Slonecker CE (eds). Grant’s Method of 
Anatomy, 11th Edn. Baltimore: Williams and Wilkins, 1989; 
63-74. 

4. Baumgarten RK. Intrapleural, interpleural or pleural? 
Simpler may be better. Regional Anesthesia 1992; 17: 116. 

5. Baxter AD, Flynn JF, Jennings FO. Continuous intercostal 
blockade. British Fournal of Anaesthesia 1984; 56: 665-666. 

6. Baxter AD, Jennings FO, Harris RS, Flynn JF, Way J. 
Continuous intercostal blockade after cardiac surgery. British 
Journal of Anaesthesia 1987; 59: 162-166. 

7. Brismar B, Pettersson N, Tokics L, Strandberg A, Heden- 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


al. 


22. 


24. 


25. 


26. 


27. 


29. 


30. 


31. 


BRITISH JOURNAL OF ANAESTHESIA 


stierna G. Postoperative analgesia with intrapleural admin- 
istration of bupivacaine-adrenaline. Acta Anaesthesiologtca 
Scandinavica 1987; 31: 515-520. 


. Brown RH, Tewes PA. Cervical sympathetic block after 


thoracic intercostal injection of local anesthetic. Anesthesiology 
1989; 70: 1011-1012. 


. Bruce DL, Gerken MV, Lyon GD. Postcholecystectomy pain 


relief by intrapleural bupivacaine in patients with cystic 
fibrosis. Anesthesia and Analgesia 1987; 66: 1187-1189. 
Carli P, Duranteau J, Mazoit X, Gaudin P, Eccofey C. 
Pharmacokinetics of interpleural lidocaine administration in 
trauma patients. Anesthesia and Analgesia 1990; 70: 448-453. 
Chan VWS, Chung F, Cheng DCH, Seyone C, Chung A, 
Kirby TJ. Analgesic and pulmonary effects of continuous 
intercostal nerve block following thoracotomy. Canadian 
Journal of Anaesthesia 1991; 38: 733-739. 

Conacher ID, Paes ML, Jacobson L, Phillips PD, Heavside 
DW. Epidural analgesia following thoracic surgery. An- 
aesthesia 1983; 38: 546-551. 

Covino BG. Interpleural regional analgesia. Anesthesia and 
Analgesia 1988; 67: 427-429. 

Crossley AWA, Hosie HE. Radiographic study of intercostal 
nerve blockage in healthy volunteers. British Journal of 
Anaesthesia 1987; 59: 149-154. 

Dionne C. Tumour invasion of the brachial plexus: Man- 
agement of pain with interpleural analgesia. Canadian Journal 
of Anaesthesia 1992; 39: 520-521. 

Durranti Z, Winnie AP, Ikuta P. Interpleural catheter 
analgesia for pancreatic pain. Anesthesia and Analgesia 1988; 
67: 479-481. 

El-Naggar MA. Bilateral interpleural regional analgesia for 
postoperative pain control: a dose-finding study. Journal of 
Cardiothoracic Anaesthesia 1989; 3: 574-579. 

El-Nagegar MA, Schaberg FJ, Phillips MR. Intrapleural 
regional analgesia for pain management in cholecystectomy. 
Archives of Surgery 1989; 124: 568-570. 

Ferrante FM, Chan VW, Arthur GR, Rocco AG. Interpleural 
analgesia after thoracotomy. Anesthesia and Analgena 1991; 
72: 105-109. 

Fineman SP. Longterm post-thoracotomy cancer pain man- 
agement with interpleural bupivacaine. Anesthesia and An- 
algesia 1989; 68: 694-697. 

Frank ED, McKay W, Rocco A, Gallo JP. Interpleural 
bupivacaine for postoperative analgesia following chole- 
cystectomy: A randomised prospective study. Regional Anes- 
thesia 1990; 15: 26-30. 

Frenette L, Boudreault D, Guay J. Interpleural analgesia 
improves pulmonary function after cholecystectomy. 
Canadian Fournal of Anaesthesia 19913; 38: 71-74. 


. Gin T, Chan K, Khan AF, Gregory MA, Wong YC, Oh TE. 


Effect of adrenaline on venous plasma concentrations of 
bupivacaine after interpleural administration. British Journal 
of Anaesthesia 1990; 64: 662-666. 

Gomez MN, Symreng T, Johnson B, Rossi NP, Chiang CK. 
Intrapleural bupivacaine for intraoperative analgesia—a 
dangerous technique. Anesthesia and Analgesia 1988; 67: 
S78. 

Graziotti P, Smith GB. Multiple fractured ribs and head 
injury—-an indication for intercostal catheterization and 
infusion of local anaesthetics. Anaesthesia 1988; 43: 964-966. 
Hardy PA. Anatomical variation in the position of the 
proximal intercostal nerve. British Journal of Anaesthesia 
1988; 61: 338-339. 

Johnson LR, Rocco AG, Ferrante FM. Continuous sub- 
pleural~paravertebral block in acute thoracic herpes zoster. 
Anesthesia and Analgesia 1988; 67: 1105-1108. 


. Kaban JR, Hammon J, Parris WC, Lupinetti FM. Intra- 


pleural analgesia for post-thoracotomy pain and blood levels 
of bupivacaine following intrapleural injection. Canadian 
Journal of Anaesthena 1989; 36: 106-109. 

Kastrissios H, Mogg GAG, Triggs EJ, Higbie JW. Inter- 
pleural bupivacaine infusion compared with intravenous 
pethidine infusion after cholecystectomy. Anaesthesia and 
Intensive Care 1991; 19: 539-545. 

Kirno K, Linden K. Intercostal nerve blockade. British 
Journal of Anaesthesia 1986; 58: 246. 

Kuhlman G, Vigue B, Duranteau J, Orhant EE. Intrapleural 
lidocaine analgesia: Influence of volume and concentration. 
Anesthesiology 1989; 71: A659. 


4 


INTERPLEURAL ANALGESIA 


32. 


33: 


35, 


36. 


37. 


39, 


41. 


51. 


52. 


53. 


55. 


Kvalheim L, Reiestad F. Interpleural catheter in the 
management of postoperative pain. Anesthestology 1984; 61: 
A231. 

Laurito CE, Kirz LI, VadeBoncouer TR, Riegler FX, Citron 
GM, Pelligrino DA. Continuous infusion of interpleural 
bupivacaine maintains effective analgesia after chole- 
cystectomy. Anesthesia and Analgesia 1991; 72: 516-521. 


. Lee A, Boon D, Bagshaw P, Kempthorne P. A randomized 


double blind study of interpleural analgesia after cholecys- 
tectomy. Anaesthesia 1990; 45: 1028-1031. 

Lee ED, Ben-David B. Bilateral intrapleural block for midline 
upper abdominal surgery. Canadian Journal of Anaesthesia 
1991; 38: 683-684. 

Lee VC, Abram SE. Intrapleural administration of bupiv- 
acaine for post-thoracotomy analgesia. Anesthestology 1987; 
66: 586. 

McIlvaine WB, Chang JH, Jones M. The effective use of 
intrapleural bupivacaine for analgesia after thoracic and 
subcostal incisions in children. Journal of Pediatric Surgery 
1988; 23: 1184-1187. 


. McIlvaine WB, Knox RF, Fennessey PV, Goldstein M. 


Continuous infusion of bupivacaine via intrapleural catheter 
for analgesia after thoracotomy in children. Anesthestology 
1988; 69: 261-264. 

Miguel R, Smith R. Intrapleural], not interpleural analgesia. 
Regional Anesthesia 1991; 16: 299, 


. Mogg GA, Triggs EJ, Ismail Z, Higbie J, Frost M. 


Pharmacokinetics of interpleural bupivacaine in patients 
undergoing cholecystectomy. British Journal of Anaesthesia 
1990; 64: 657-661. 

Morrow JS, Squier RC. Sympathetic blockade with inter- 
pleural analgesia. Anesthesiology 1989; 71: A662. 


. Mowbray A, Wong KKS, Murray JM. Intercostal catheter- 


ization: An alternative approach to the paravertebral space. 
Anaesthesia 1987; 42: 958—960. 


. Mozell EJ, Sabanthan $, Mearns AJ, Bickford-Smith PJ, 


Majid MR, Zografos G. Continuous extrapleural intercostal 
nerve block after pleurectomy. Thorax 1991; 46: 21-24. 


. Murphy DF. Continuous intercostal nerve blockade for pain 


relief after cholecystectomy. British Journal of Anaesthesia 
1983; 55: 521-524. 


. Murphy DF. Intercostal nerve blockade for fractured ribs 


and postoperative analgesia: Description of a new technique. 
Regional Anesthesia 1983; 8: 151-153. 


. Murphy DF. Continuous intercostal nerve blockade: An 


anatomical study to elucidate its mode of action. British 
Journal of Anaesthesia 1984; 56: 627-630. 


. Murrell G. A new complication of the intrapleural catheter 


method for postoperative analgesia. Anaesthesia and Intensive 
Care 1988; 16: 499—500. 


. Nunn JF, Slavin G. Posterior intercostal nerve block for pain 


relief. British Journal of Anaesthesia 1980; 52: 253-260. 


. O’Kelly E, Garry B. Continuous pain relief for multiple 


fractured ribs. British Journal of Anaesthesia 1981; 53: 
989-991. 


. Oxorn DC, Whatley GS. Post-cholecystectomy pulmonary 


function following interpleural bupivacaine and intra- 
muscular pethidine. Anaesthesta and Intensive Care 1989; 17: 
440-443. 

Parkinson SK, Mueller JB, Rich TJ, Little WL. Unilateral 
Horner’s syndrome associated with interpleural catheter 
injection of local anesthetic. Anesthesia and Analgesia 1989; 
68: 61—62. 

Perkins G. Interpleural anaesthesia in the management of 
upper limb ischaemia: A report of three cases. Anaesthesia 
and Intensive Care 1991; 19: 575-578. 

Rademaker BM, Sih IL, Kalkman CJ, Henny CP, Filedt Kok 
JC, Endert E, Zuurmond WW. Effects of interpleurally 
administered bupivacaine 0.5% on opioid analgesic require- 
ments and endocrine response during and after chole- 
cystectomy: A randomized double-blind controlled study. 
Acta Anaesthesiologica Scandinavica 1991; 35: 108-112. 


. Reiestad F, Kvalheim L. Kontinuerlig interkostalblokade 


som postoperativ smertebehandling. Tidsskrift For Den 
Norske Laegeforening 1984; 104: 485-487. 

Reiestad F, McIlvaine WB. Interpleural anesthesia for 
extracorporeal shock wave lithotripsy. Anesthesia and An- 
algesia 1989; 69: 551-552. 


56. 


57, 


58. 


59. 


60. 


6l. 


62. 


63. 


65. 


67. 


69. 


70. 


71 


72. 


73. 


74. 


75. 


76. 


77. 


433 


Reiestad F, McIlvaine WB, Barnes M, Kvalheim L, Harald- 
stad P, Pettersen B. Interpleural analgesia in the treatment of 
severe thoracic postherpetic neuralgie. Regional Anesthesia 
1990; 15: 113—117. 

Reiestad F, Mclivaine WB, Kvalheim L, Stokke T, Pettersen 
B. Interpleural analgesia in treatment of upper extremity 
reflex sympathetic dystrophy. Anesthesia and Analgesia 1989; 
69: 671-673. 

Reiestad F, Stokke T, Barnes M. Interpleural analgesia in 
chronic pain. Acta Anaesthesiologica Scandinavica 1989; 33: 
A101. 

Reiestad F, Stromskag KE. Interpleural catheter in the 
management of postoperative pain: A preliminary report. 
Regional Anesthena 1986; 11: 89-91. 

Riegler FX, VadeBoncouer TR, Pelligrino DA. Interpleural 
anesthetics in the dog: Differential somatic neural blockade. 
Anesthesiology 1989; 71: 744-750. 

Rocco A, Reiestad F, Gudman J, McKay W. Intrapieural 
administration of local anaesthetics for pain relief in patients 
with multiple rib fractures: Preliminary report. Regional 
Anesthesia 1987; 12: 10-14. 

de la Rocha AG, Chambers K. Pain amelioration after 
thoracotomy: A prospective randomized study. Annals of 
Thoracic Surgery 1984; 37: 239-242. 

Rosenberg PH, Scheinin BMA, Lepantalo MJA, Lindfors O. 
Continuous intrapleural infusion of bupivacaine for analgesia 
after thoracotomy. Anesthesiology 1987; 67: 811-813. 


. Sabanathan S, Bickford-Smith PJ, Pradhan GN, Hashimi H, 


Eng J-B, Mearns AJ. Continuous intercostal nerve block for 
pain relief after thoracotomy. Annals of Thoracic Surgery 
1988; 46: 425-426. 

Sabanathan S, Mearns AJ, Bickford-Smith PJ, Eng J, 
Berrisford RG, Bibby SR, Majid MR. Efficacy of continuous 
extrapleural intercostal nerve block on postthoracotomy pain 
and pulmonary mechanics. British Journal of Surgery 1990; 
77: 221-225. 


. Safran D, Castelaine MH, Journois D, Orhant EE, Kuhlman 


G. A truly continuous intercostal blockade after thoracic 
surgery. Anesthesiology 1989; 71: A669. 

Safran D, Kuhlman G, Orhant EE, Castelain MH, Journois 
D. Continuous intercostal block with lidocaine after thoracic 
surgery: Clinical and pharmacokinetic study. Anesthesia and 
Analgesia 1990; 70: 345-349. 


. Scheinin B, Lindgren L, Rosenberg PH. Treatment of post- 


thoracotomy pain with intermittent installations of inter- 
pleural bupivacaine. Acta Anaesthesiologica Scandinavica 
1989; 33: 156-159. ; 

Schlesinger TM, Laurito CH, Baughman VL, Carranza CJ. 
Interpleural bupivacaine for mammography during needle 
localisation and breast biopsy. Anesthesia and Analgesia 1989; 
68: 394-395. 

Scott NB, Morgensen T, Bigler D, Kehlet H. Comparison of 
the effects of continuous interpleural versus epidural admin- 
istration of 0.5% bupivacaine on pain, metabolic response 
and pulmonary function after cholecystectomy. Acta Anaes- 
thestologica Scandinavica 1989; 33: 535-539. 

Scott PV. Interpleural regional analgesia: Detection of the 
interpleural space by saline infusion. British Journal of 
Anaesthesia 1991; 66: 131-133. 

Seltzer JL, Larijani GE, Goldberg ME, Marr AT. Intra- 
pleural bupivacaine—a kinetic and dynamic evaluation. 
Anesthesiology 1987; 67: 798-800. 

Shafei H, Chamberlain M, Natrajan KN, Khan MA, Gandhi 
RG. Intrapleural bupivacaine for early post-thoracotomy 
analgesia: Comparison with bupivacaine intercostal block and 
cryofreezing. Thoracic and Cardiovascular Surgery 1990; 38: 
38—41. 

Sihota MK, Holmblad BR. Horner’s syndrome after intra- 
pleural anesthesia with bupivacaine for post-herpetic neur- 
algia. Acta Anaesthestologica Scandinavica 1988 ; 32: 593-594. 
Sihota MK, Holmblad BR, Ikuta PT. Successful pain 
management of chronic pancreatitis patients with intrapleural 
technique. Regional Anesthesia 1988; 13: 33. 

Squier RC, Morow JS, Roman R. Hanging drop technique 
for intrapleural analgesia. Anesthesiology 1989; 70: 882. 
Stenseth R, Fasting S, Aadhal P, Hole A. Interpleural 
analgesia and thoracic epidural analgesia: Pain relief after 
cholecystectomies. Acta Anaesthestologica Scandinavica 1989; 
(Suppl.) 33: A100. 


434 


78. 


79. 


81. 


82. 


83. 


Stromskag KE, Hauge O, Steen PA. Distribution of local 
anaesthetics injected into the interpleural space, studied by 
computerized tomography. Acta Anaesthestologica Scan- 
adinavica 1990; 34: 323-326. 

Stromskag KE, Minor B, Steen PA. Side effects and 
complications related to interpleural analgesia: an update. 
Acta Anaesthenologica Scandinavica 1990; 34: 473-477. 


. Stromskag KE, Minor BG, Lindeberg A. Comparison of 40 


milliliters of 0.25% intrapleural bupivacaine with epineph- 
rine with 20 milliliters of 0.5 % intrapleural bupivacaine with 
epinephrine after cholecystectomy. Anesthesia and Analgesta 
1991; 73: 397—400. 

Stromskag KE, Reiestad F, Holmqvist ELO, Ogenstad S. 
Interpleural administration of 0.25%, 0.375% and 0.5% 
bupivacaine with epinephrine after cholecystectomy. Anes- 
thesia and Analgesia 1988; 67: 430-434. 

Stromskag KE, Steen PA. Comparison of interpleural and 
epidural anesthesia for extracorporeal shock wave lithotripsy. 
Anesthesia and Analgesia 1988; 67: 1181-1183. 

Tartiere J, Samba D, Lefrancois C, Deshayes JP, Samii K, 
Bricard H, Quesnel J. Intrapleural bupivacaine after thoraco— 
abdominal incision for oesophagectomy. European Journal of 
Anaesthesiology 1991; 8: 145-149. 


85. 


86. 


87. 


88. 


89. 


BRITISH JOURNAL OF ANAESTHESIA 


. Thompson GE, Moore DC. Celiac plexus, intercostal and 


minor peripheral blockade. In: Cousins MJ, Bridenbaugh 
PO, eds. Neural Blockade in Clinical Anesthesia and Man- 
agement of Pain, 2nd Edn. Pennsylvania: JP Lippincott 
Company, 1988; 510-515. 

Trivedi NS, Robalino J, Shevde K. Interpleural block: A 
new technique for regional anaesthesia during percutaneous 
nephrostomy and nephrolithotomy. Canadian Journal of 
Anaesthesia 1990; 37: 479-481. 

Tucker GT. Pharmacokinetics of local anaesthetics. British 
Journal of Anaesthesia 1986; 58: 717-731. 

VadeBoncouer TR, Riegler FX, Gautt RS, Weinberg GL. A 
randomised, double blind comparison of the effects of 
interpleural bupivacaine and saline on morphine require- 
ments and pulmonary function after cholecystectomy. Anes- 
thestology 1989; 71: 339-343. 

Van Kleef JW, Burm AGL, Vletter AA. Single dose 
interpleural versus intercostal blockade: Nerve block 
characteristics and plasma concentration profiles after admin- 
istration of 0.5% bupivacaine with epinephrine. Anesthesia 
and Analgesia 1990; 70: 484488. 

Weston S, Clark I. Intrapleural catheter placement. An- 
aesthesia and Intenstve Care 1990; 18: 140. 


ef 


red 


Se 


aN 


British Journal of Anaesthesia 1993; 71: 435—436 


SHORT COMMUNICATIONS 








PATIENT-CONTROLLED ANALGESIA WITH A MIXTURE OF 


MORPHINE AND DROPERIDOL 


S. K. SHARMA AND M. W. DAVIES 


SUMMARY 


In a prospective study, 50 women who had 
undergone uncomplicated abdominal hysterectomy 
under general anaesthesia were allocated randomly 
to receive patient-controlled analgesia with either 
morphine alone or a mixture of morphine and 
droperidol. Bolus doses of morphine 1 mg and 
droperidol 0.05 mg were used with a lockout time 
of 5min. During the first 24h after surgery the 
mean (range) dose of droperidol in the droperidol 
group was 3.2 (1.9-6.0) mg. Significantly fewer 
patients in the droperidol group felt nauseated 
(P<0.07) and significantly fewer vomited 
(P < 0.007). In the morphine alone group, 19 
patients required additional antiemetic therapy, 
Whereas in the droperidol group only one patient 
found this necessary (P < 0.007). Extrapyramidal 
side effects were not observed in any patient. 
Significantly more patients were of the opinion that 
PCA had provided excellent analgesia when drop- 
eridol had been used (P < 0.07). (Br. J. Anaesth. 
1993; 71: 435-436) 


KEY WORDS 


Analgesia: patient controlled. Antiemetics: droperidol. Compli- 
cations; nausea, vomiting. 


Patient-controlled analgesia (PCA) provides good 
postoperative analgesia [1], but is associated with a 
high incidence of postoperative nausea and vomiting 
(PONV) [2, 3]. Low-dose droperidol given during 
anaesthesia has been shown to reduce PONY during 
the early postoperative period [4]. For some time, we 
have used a mixture of morphine and droperidol for 
PCA and this seems to have reduced greatly the 
incidence of both nausea and vomiting. This study 
was designed to compare the incidence of PONV 
with PCA using either morphine alone or a mixture 
of morphine and droperidol. 


METHODS AND RESULTS 


The District Pharmacy confirmed that droperidol 
and morphine could be mixed with no evidence of 
physical incompatibility. Ethics Committee approval 
and written informed consent were obtained. We 
studied 50 patients (ASA I and II) who had 
undergone uncomplicated abdominal hysterectomy 
under general anaesthesia. Patients were premedi- 
cated with temazepam 20mg 2h before surgery. 
Those receiving other medication before operation 


were excluded. Anaesthesia was induced with 
fentanyl 2 ug kg ', droperidol 20 ug kg and pro- 
pofol 1.5-2.5 mg kg! and was maintained with 
isoflurane and 65 % nitrous oxide in oxygen. Neuro- 
muscular block was produced with atracurium 
0.5 mg kg-!. Ventilation was adjusted to maintain 
the end-tidal partial pressure of carbon dioxide at 
4.7-5.3 kPa. Neostigmine 40 ug kg! and atropine 
20 ug kg! were given to antagonize residual neuro- 
muscular block at the end of the procedure. PCA 
(Abbott) was started immediately after recovery 
from anaesthesia. Using consecutive sealed envel- 
opes, patients were allocated randomly to receive 
either morphine alone (bolus dose 1 mg) or a mixture 
of morphine (bolus dose 1 mg) and droperidol (bolus 
dose 0.05 mg). A background infusion was not given 
and the lockout time for both groups was 5 min. 
Prochlorperazine 12.5 mg 6 hourly, as required, was 
prescribed for relief of PONV. 

Assessments of PONV and morphine and pro- 
chlorperazine usage were made by nursing staff for six 
consecutive, 4-h periods following surgery. Nursing 
staff were unaware of the study group; PONV was 
graded as: no nausea, nausea alone, vomiting or 
retching. All patients were examined by one of the 
authors 24 h after operation for evidence of excessive 
sedation or extrapyramidal side effects (restlessness, 
abnormal movements, tremor). Quality of analgesia 
during the 24 h was graded by the patient as: awful, 
poor, satisfactory, good or excellent. 

Groups were compared using Student’s r test and 
chi-square test, with Yates’s correction; P < 0.05 
was regarded as significant. 

Four patients in each group required prochlor- 
perazine during the first 1h after surgery. These 
data were excluded from the main analysis as it was 
felt that PONV during the immediate postoperative 
period was more likely to be related to anaesthesia 
and surgery rather than to PCA. Patient data and 
morphine requirements were similar for both groups 
(table I). Patients in the morphine alone group were 
significantly more likely to feel nauseated, to vomit 
and to require prochlorperazine than those in the 
droperidol group (table I). Of the eight patients who 
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TABLE I. Patient data (mean (range)), postoperative nausea and 
vomiting, and requirement for prochlorperazine (excluding first 1h 
after operation). ** P < 0.01; ***P < 0.001 between groups 








Morphine + 
Morphine only droperidol 
(n = 21) (n= 21) 

Weight (kg) 61.3 (562-70) 58.4 (52-68) 
Age (yr) 43.0 30-59) 43.8 (28-65) 
Total morphine (mg) 62.3 (34-127) 63.5 (38-120) 
Total droperidol (mg) m 3.2 (1.9-6.0) 
Nauseated (No.) 20 xk 10 
Vomited (No.) 11 awk 0 
Prochlorperazine (No.) 19 ARA I 


TABLE II. Satisfaction with analgesia during first 24h after 
operation. ** P < 0.01 between groups 


Morphine Morphine + droperidol 
(n = 21) (n = 21) 
Awful 0 0 
Poor 1 1 
Satisfactory 3 4 
Good 17 7 
Excellent 0 xx 9 


required prochlorperazine during the first 1 h after 
operation, none in the droperidol group requested a 
subsequent dose, whereas all those in the morphine 
alone group needed additional doses. 

Significantly more patients were of the opinion 
that PCA had provided excellent analgesia when 
droperidol had been used (table II). Excessive 
sedation or extrapyramidal side effects were not 
observed in any patient. 


COMMENT 


As with other studies [2, 3], we found a very high 
incidence of PONV when morphine alone was used 
for PCA. The doses of droperidol administered were 
small, but were nonetheless effective in reducing 
both nausea and vomiting. Vomiting was almost 
abolished and the incidence of nausea was halved. 
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Including the bolus dose given at induction of 
anaesthesia, patients received, on average, approxi- 
mately 3.2 mg of droperidol during the 24-h period. 
Had the droperidol been given as a single dose at 
induction of anaesthesia, the effective duration of 
action would have been less and side effects may 
have been troublesome [5]. 

Sedation is a well recognized effect of droperidol, 
but did not seem to be a problem with the doses 
used. All patients were either awake or easily 
rousable at 24h. This technique appears to control 
PONV associated with PCA more effectively and 
with fewer side effects than transdermal hyosine [6]. 
The concept of mixing morphine with an antiemetic 
is well established; a mixture of morphine and 
cyclizine (Cyclimorph, Calmic.) has been available 
commercially for many years. The mixture of 
morphine and droperidol appeared to be stable, as 
both drugs remained clinically effective and no 
precipitate was visible after 24 h. One advantage of 
PCA is that fewer i.m. injections need be given 
during the postoperative period. The addition of 
low-dose droperidol to the morphine used for PCA 
further reduces the need for injections and, more- 
over, may enhance the quality of analgesia as 
perceived by the patient. 
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PHARMACOKINETICS OF GLYCOPYRRONIUM IN URAEMIC 


PATIENTS 


M. KIRVELA, T. ALI-MELKKILA, T. KAILA, E. IISALO AND L. LINDGREN 


SUMMARY 


We studied the pharmacokinetics of glycopyr- 
ronium in 11 uraemic patients undergoing cadaveric 
renal transplantation and in seven ASA | control 
patients undergoing general surgery. Glycopyr- 
ronium 4 ug kg was given i.v. before induction of 
anaesthesia. Blood and urine samples were col- 
lected for up to 24h for measurement of glyco- 
pyrronium concentrations using a radioreceptor 
assay. Volume of distribution in the elimination 
phase (V?) was similar in both groups, the elim- 
ination half-life (T#) was longer (P < 0.05), area 
under the plasma concentration-time curve (AUC) 
larger (P < 0.07) and plasma clearance (CI) smaller 
(P < 0.07) in the uraemic patients. In 3h, mean 
0.7 (range 0-3) % and 50 (21-82) % of glycopyr- 
ronium was excreted in the urine in the uraemic and 
healthy patients, respectively (P < 0.001). The 24- 
h renal excretion was 7 (0O-25)% in uraemic and 
65 (30-39) % in control patients (P < 0.007). We 
conclude that the elimination of glycopyrronium Is 
severely impaired in uraemic patients. (Br. J. 
Anaesth. 1993; 71: 437-439) 


KEY WORDS 
Kidney: failure. Pharmacokinetics: glycopyrronium. 


Eighty per cent of glycopyrronium is excreted 
unchanged in the urine [1]. The metabolic pathways 
of the remaining 20% are unknown, and little is 
known about the pharmacokinetics of glycopyr- 
ronium in patients with renal failure. 

The development of a sensitive radioreceptor assay 
(RRA) has enabled us to measure concentrations as 
small as 60 ng litre’? and thus to determine the 
plasma and urinary concentrations of the drug [2]. 
We have studied the pharmacokinetics of glycopyr- 
ronium in uraemic patients undergoing renal trans- 
plantation. 


METHODS AND RESULTS 


We studied 11 uraemic patients undergoing renal 
transplantation and seven ASA I control patients 
undergoing general surgery. Patients receiving medi- 
cations which could interfere with the RRA were 
excluded. The study was approved by the Hospital 
Ethics Committee and all patients gave informed 
consent. 


Mean serum creatinine concentration was 
731 (SD 267) pmol litre? and 75 (17) pmol litre? in 
the uraemic and control patients, respectively. The 
serum albumin concentrations in the uraemic 
patients were normal. The patients had no known 
liver dysfunction, and in the uraemic patients serum 
concentrations of transaminases and prothrombin 
time were within normal limits. The uraemic and 
control patients were comparable in age and weight. 

All the uraemic patients had undergone renal 
dialysis within the previous 24h. Patients were 
premedicated with oral diazepam 0.2 mg kg™. In the 
operating theatre, a forearm vein was cannulated and 
in the uraemic patients a central venous catheter was 
inserted. Thereafter, potassium-free Ringer’s acetate 
(Nat 140, Ca** 2, CI- 90, CH,COO™ 54 mmol litre) 
and 4% human albumin solution were administered 
until central venous pressure was at least 4mm Hg. 
Control patients received an infusion of Ringer’s 
acetate solution (approximately 500 ml) as volume 
loading. Glycopyrronium 4 ug kg was given i.v. via 
the peripheral cannula. Approximately 15 min after 
injection of glycopyrronium, patients were anaesthe- 
tized with thiopentone 3—5 mg kg! and fentanyl 
0.15—-0.25 mg i.v. Vecuronium 1mg+0.1 mgkg! 
was used to produce neuromuscular block. 
Anaesthesia was maintained with fentanyl and iso- 
flurane with 70% nitrous oxide in oxygen. Blood 
samples (10 ml) were taken into EDTA tubes before 
and 2, 4, 6, 10, 15 and 30 min and 1, 2, 3, 6, 12 and 
24h after injection of glycopyrronium. Samples 
were obtained from the central venous catheter in 
the uraemic patients and from a peripheral cannula 
inserted into the contralateral cubital vein in control 
patients. Plasma was separated and stored at — 70 °C. 
Urine samples were collected 0-3, 3-6, 6-8, 8-12 and 
12-24 h after the injection of glycopyrronium. Urine 
volumes were measured and samples taken from 
each fraction for measurement of glycopyrronium. 

The concentrations of glycopyrronium in plasma 
and urine were measured using the radioreceptor 
assay (RRA) described by Kaila and colleagues [2]. 
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Fic. 1. Mean (SEM) plasma concentrations of glycopyrronium in 11 uraemic (O) and seven control (@) patients. 


The sensitivity of the assay for glycopyrronium was 
60 pg ml and the coefficients of intra-assay and 
interassay variation were less than 10%. The 
pharmacokinetic parameters were calculated by 
fitting the concentration-time data to a bi- 
exponential model: 


Cit) = Ae*+Be, 


where C = plasma concentration of glycopyrronium 
at time t; A, B = zero-time intercepts; a, 8 = rate 
constants for disposition and elimination. 

For computations, a commercial software package 
was used (PCNonlin 3.0 SCI Software, Lexington, 
KY, U.S.A.). AUC values were calculated using the 
trapezoidal rule. 

If serum creatinine decreased significantly within 
the first day after operation, this was considered as 
immediate kidney function. 

Pharmacokinetic data were analysed with the 
Mann-Whitney U test, using Stat View 512+ 
software (Brain Power Inc., Calabasas, CA, U.S.A.). 

One of the 11 transplanted kidneys showed 
immediate function. The serum creatinine concen- 
tration in this patient was 1123 umol litre! before 
operation and 699 umol litre™! on the first day after 
operation. In the remainder of the 10 uraemic 
patients, serum creatinine concentration remained at 
preoperative values during the first day after opera- 
tive day. 

Figure 1 shows the mean plasma concentrations of 
glycopyrronium in both groups. Volume of dis- 
tribution in the elimination phase (V*) was 
0.41 (0.16) litre kg and 0.44 (0.33) litre kg“, elim- 
ination half-life (7°) was 0.78(0.45)h and 
0.31 (0.29) h (P < 0.05), the area under the concen- 
tration—time curve (AUC) 10.62 (3.29) h ug litre? 
and 3.73 (1.03) h ug litre? (P < 0.01) and the plasma 
clearance (Cl) 0.43 (0.22) litre h kg and 
1.14 (0.31) litre hh kg? (P < 0.01) in the uraemic 
and healthy patients, respectively. In 3h, a mean 
0.7 (range 0-3)% and 50 (21-82)% of glyco- 


pyrronium was excreted in the urine in the uraemic 
and healthy patients, respectively (P < 0.001). The 
24-h renal excretion was 7 (0-25) % in uraemic and 
65 (30-99) % in control patients (P < 0.001). In the 
patient with immediate postoperative kidney func- 
tion, 25% of glycopyrronium was excreted in the 
urine in 24h, but the plasma concentrations of 
glycopyrronium in this patient did not differ from 
those in the other uraemic patients. Probably, the 
plasma concentrations of glycopyrronium in this 
patient would have been even greater without this 
increased excretion rate. The interindividual vari- 
ation of plasma glycopyrronium concentrations was 
large; therefore no conclusions can be drawn from 
this one subject. 


COMMENT 


These data indicate that the elimination of glycopyr- 
ronium in plasma was significantly prolonged in 
uraemic patients compared with non-uraemic con- 
trol patients. Theoretically, using the central venous 
catheter in the uraemic patients and a peripheral 
venous cannula in the control patients for sampling 
might have affected the results. However, because 
venous blood was sampled in both groups and a large 
cubital vein with good flow was used in the control 
patients, it is very unlikely that this would have 
changed our conclusions. The effects of anaesthetics, 
other medication or protein binding on the pharma- 
cokinetics of glycopyrronium are unknown; our 
opinion is that they did not influence our results. 
The T} of glycopyrronium (0.78 h) in the uraemic 
patients was similar to that (0.83 h) in elderly patients 
(mean age 66 yr) with no renal disease reported in a 
previous study by Ali-Melkkila, Kaila and Kanto 
[3]. This might be attributable in part to an 
approximately 50% greater V? in elderly patients 
(0.64 litre kg) compared with our uraemic group. 
In uraemic patients, the average 24-h renal 
excretion of glycopyrronium was only 7%, whereas 
the control patients excreted 65 % of the dose within 


a 


noe 


GLYCOPYRRONIUM IN URAEMIC PATIENTS 


24h. It has been shown previously that the 8-h 
excretion of glycopyrronium is approximately 60% 
after i.m. administration [4]. 

It should be noted that, 6h after drug administ- 
ration, plasma concentrations of glycopyrronium 
were nearly 10 times greater in our uraemic patients 
compared with the control patients, and that in the 
uraemic patients the concentration was 
200-300 pg ml"! 24 h after i.v. administration. These 
smal] concentrations have little effect on heart rate, 
but may produce prolonged antisecretory effects [3]. 

Anticholinergic drugs also disrupt peristaltic 
bowel activity [5], and glycopyrronium decreases 
gastric emptying by 40-50%, when used in doses 
similar to those in our study [6]. Thus, in uraemic 
patients, delayed bowel function after surgery caused 
by opioids and other medication may be aggravated 
by the use of glycopyrronium. 

We conclude that the elimination of glycopyr- 
ronium is severely impaired in uraemic patients. 
Therefore we feel that, in these patients, repeated or 
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large doses of glycopyrronium should be avoided or, 
perhaps, the drug should not be used. 
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SYNERGISM BETWEEN ATRACURIUM AND VECURONIUM 


IN CHILDREN 


O. A. MERETOJA, B. W. BRANDOM, T. TAIVAINEN AND L. JALKANEN 


SUMMARY 


In 30 children under balanced anaesthesia, we have 
determined dose-response curves and maintenance 
requirement of three dose ratio combinations of 
atracurium and vecuronium (10:1, 4:1 or 1.6:1 on 
a ug:ug basis). Neuromuscular block was mon- 
itored by adductor pollicis EMG. An equipotent 
dose ratio (4:1) was most potent, with a mean 
(SEM) EDs, of atracurium 95 (6) ug kg! with 
vecuronium 24 (71) ug kg’. The sum of these doses 
is only 58% of an ED value of one agent 
(P = 0.0007). The hourly requirement to maintain a 
90-95% neuromuscular block was 2.0 (0.1) times 
an individual EDə dose of any combination. 
Recovery index was 8.9 (0.5) min. These results 
indicate that a combination of atracurium and 
vecuronium is supra-additive compared with the 
effects of each drug alone. However, all combina- 
tions maintained an intermediate character of 
neuromuscular block. Combining atracurium with 
vecuronium may reduce drug requirement by 40%. 
(Br. J. Anaesth. 1993; 71: 440-442) 


KEY WORDS 


Neuromuscular relaxants: atracurium, vecuronium. Pharmaco- 
dynamics; relaxant combination. 


Synergism (supra-additivity) of the neuromuscular 
blocking effects between some competitive neuro- 
muscular blocking agents of different molecular 
structure has been observed both im vivo and in vitro 
[1,2]. There are also some data suggesting pure 
additive effects of this combination [3]. The subject 
is further confused because one study found non- 
parallel and another found parallel slopes of the 
dose-response curves between a combination of 
neuromuscular blocking agents and their parent 
agents [1, 2]. Our aim was to clarify the nature of the 
neuromuscular block produced by a combination of 
atracurium and vecuronium. 


METHODS AND RESULTS 


After obtaining Institutional Ethics Committee ap- 
proval and parental informed consent, we studied 30 
children (ASA I-II), aged 3-10 yr, undergoing 
routine general surgery, allocated randomly to 
three matched groups. Premedication comprised 
oral midazolam 0.46 (SEM 0.01) mg kg. General 
anaesthesia was induced with thiopentone 


5.2 (0.2) mg kg“, alfentanil 38 (2) ug kg~? and 66% 
nitrous oxide in oxygen, and maintained with nitrous 
oxide in oxygen and alfentanil. Neuromuscular block 
was monitored at 20-s intervals by the evoked 
adductor pollicis EMG response to supramaximal 
train-of-four ulnar nerve stimuli (Relaxograph, 
Datex). Palmar skin temperature was maintained at 
> 34°C and end-tidal concentrations of carbon 
dioxide at 5.0-5.5 %. 

Each patient received one of three dose ratio 
combinations of atracurium and vecuronium: an 
equipotent dose ratio of 4:1 (on a pg:pg basis), or a 
ratio of 10:1 or 1.6:1 (these represent geometric 
mean ratios for an equipotent ratio and a parent 
agent) (fig. 1A). An individual cumulative dose— 
response curve of the combination was created. ‘The 
first dose was atracurium 40 pg kg™ and vecuronium 
10 ug kg? in a 4:1 dose ratio group, atracurium 
60 ug kg and vecuronium 6 pg kg in a 10:1 dose 
ratio group, and atracurium 24 pg kg and vecur- 
onium 15 ug kg in a 1.6:1 dose ratio group. A 
second identical dose was administered when the 
maximal neuromuscular block after the first dose was 
reached. A third incremental dose was calculated to 
establish a 95 % neuromuscular block. A least-square 
linear regression analysis of log doses and probit 
responses was used to determine an individual 
dose-response curve of each combination of atra- 
curium and vecuronium. 

During maintenance of anaesthesia, 25% of an 
individual ED,, dose of combination was admin- 
istered each time the neuromuscular function 
recovered to 10% of baseline. Neuromuscular 
function recovered spontaneously at the end of 
anaesthesia, whenever clinically appropriate. Analy- 
sis of variance and Scheffé F test were used to 
evaluate between-group comparisons. 

There was little deviation from the linear re- 
gression of log doses and probit responses 
(r? = 0.995 (0.001)). Slopes of the individual dose- 
response curves did not differ between groups 
(P = 0.27) and averaged 7.0 (0.1) probit/log. This 
did not differ from that of parent agents [4]. An ED,, 
and an ED,, value of an equipotent dose-ratio 
combination were 0.62 (0.04) and 0.58 (0.04) times 
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dose ratio favouring one parent agent. These syn- 
ergistic combinations may be used as one inter- 
mediate acting competitive neuromuscular blocking 
agent. Maximal reduction of drug requirement 
would be about 40%. 
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RELATIONSHIP BETWEEN POST-TETANIC TWITCH AND 
SINGLE TWITCH RESPONSE AFTER ADMINISTRATION OF 


VECURONIUM 


Y. SAITOH, H. TOYOOKA AND K. AMAHA 


SUMMARY 


We have studied the relationship between post- 
tetanic twitch (PTT) and single twitch response 
after administration of vecuronium 0.2 mg kg in 
700 patients during neuroleptanaesthesia (NLA) 
(droperidol and fentanyl) and during anaesthesia 
with halothane, isoflurane, enflurane or sevoflurane 
(1 MAC in nitrous oxide and oxygen). Intervals 
from PTT, to single twitch, and post-tetanic-count 
(PTC) (number of PTT responses) at the onset of 
single twitch were determined  electromyo- 
graphically. These intervals in the isoflurane, enflur- 
ane and sevoflurane groups differed from those in 
NLA and halothane groups. PTC in the isoflurane, 
enflurane and sevoflurane groups differed from 
those in the NLA group, and PTC in the sevoflurane 
group significantly from those in the NLA and 
halothane groups. These results are consistent with 
the view that PTT reflects prejunctional block, 
whilst the single twitch response is indicative of 
postjunctional block. (Br. J. Anaesth. 1993; 71: 
443-444) 


KEY WORDS 


Monitoring: post-tetanic twitch. Neuromuscular relaxants: 
vecuronium. 


Absence of post-tetanic twitch (PTT) indicates 
intense neuromuscular block, because a PTT re- 
sponse appears earlier than single twitch or 
train-of-four (TOF) responses during the recovery 
of neuromuscular transmission [1]. We have reported 
previously the time courses of recoveries of PTT and 
TOF after administration of vecuronium under dif- 
ferent types of anaesthesia [2]. In this study, we have 
investigated the relationship between PTT and 
single twitch during neuroleptanaesthesia (NLA) 
and during anaesthesia with halothane, isoflurane, 
enflurane and sevoflurane. 


METHODS AND RESULTS 


We studied 100 adult patients (54 male), ASA I or 
II, undergoing elective general surgical, orthopaedic, 
gynaecological, urological, ENT and ophthalmo~ 
logical procedures, after obtaining institutional Re- 
view Board approval and written informed consent. 
None of the patients had neuromuscular, renal or 


hepatic disorders or was receiving any medications 
that might affect neuromuscular transmission. The 
patients were allocated randomly to five groups (20 
patients in each) to receive: neuroleptanaesthesia 
(NLA group), halothane, isoflurane, enflurane or 
sevoflurane. All patients were premedicated with 
atropine 0.01 mg kg! and hydroxyzine 1 mgkg™ 
i.m. 

Stimulating surface electrodes were placed on the 
ulnar nerve at the elbow and recording electrodes on 
the abductor digiti minimi muscle. Anaesthesia was 
induced with sodium thiamylal 5 mg kg~?, then the 
ulnar nerve was stimulated supramaximally (50 mA) 
with an electrical stimulator (SEN-3201, Nihon- 
Kohden Inc., Tokyo). Rectangular pulses of 0.1 ms 
duration were triggered automatically by computer 
as described elsewhere [2]. When the response to 
single twitch stimuli was stable, the magnitude of the 
single twitch was taken as the control twitch height. 

Vecuronium 0.2 mg kg7! i.v. was administered to 
facilitate tracheal intubation. Anaesthesia was main- 
tained with 66% nitrous oxide in oxygen and 
fentanyl 5 ug kg! and droperidol 0.2 mg kg™ in the 
NLA group, and with 66% nitrous oxide in oxygen 
and 1 MAC of inhalation anaesthetics (end-tidal) in 
the four other groups (0.76% halothane, 1.15% 
isoflurane, 1.68% enflurane or 1.17% sevoflurane). 
End-tidal concentrations of carbon dioxide, nitrous 
oxide and inhalation anaesthetics were measured 
using a Capnomac Ultima-S-31-03 (Datex Inc., 
Helsinki). The patient’s lungs were ventilated to 
normocapnia. Body temperature was maintained at 
35.5-36.8 °C using a warming blanket. 

For PTT stimulation, a tetanic stimulus (50 Hz) 
was applied for 5 s and after an interval of 3 s, single 
twitch stimuli (1 Hz) were applied for 20s. The 
twitch height of each stimulus was amplified via an 
amplifier (AVB-11, Nihon-Kohden Inc., Tokyo) 
and displayed on an oscilloscope (VC-11, Nihon- 
Kohden Inc., Tokyo). 

Single twitch stimuli were given every 30s and 
PTT stimuli every 150s. Thereafter, we measured 
the intervals from PTT, to single twitch and PTC 
(number of PTT responses) at the onset of single 
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TABLE I. Intervals from PTT, to single twitch (mean (SD)) and PTC at the onset of single twitch (mean (range)). NLA 
= Neuroleptanaesthesia. Significant difference (P < 0.01) compared with **NLA; group; tt halothane 


NLA Halothane 


PTT -single twitch 8.0 (3.3) 9.1 (3.5) 
interval (min) 
PTC at the onset 7.3 (4+1 7.9 (6-11) 


of single twitch 


twitch during recovery of neuromuscular trans- 
mission. The maximum PTC which had been 
detected before the first single twitch response 
appeared was designated the “PTC at the onset of 
single twitch”. 

The responses to electrical stimulation were 
considered detectable when the changes were larger 
than or equal to 1% of control twitch height. 

Data were analysed statistically using ANOVA 
and Duncan’s multiple range test [3], P < 0.01 being 
considered significant. All results are expressed as 
mean (SD or range). 

‘There were no significant differences in patient 
characteristics (age, sex, height and weight) between 
groups. 

Intervals between PTT, and single twitch in the 
isoflurane, enflurane and sevoflurane groups differed 
significantly from those in the NLA and halothane 
groups. PTC at the onset of single twitch in the 
isoflurane, enflurane and sevoflurane groups differed 
from those in NLA group, and those in the 
sevoflurane group differed significantly from those in 
the NLA and halothane groups (table I). 


COMMENT 


We have found that the intervals from PTT, to 
single twitch, and PTC at the onset of single twitch 
differed significantly between the different anaes- 
thetic groups. These findings suggest that the 
relationship between PTT and single twitch varies 
with different types of anaesthesia. 

We reported previously that, during recovery of 
vecuronium-induced neuromuscular transmission, 
the appearance of PTT followed a similar time 
course with five types of anaesthesia (neuroleptan- 
aesthesia, halothane, isoflurane, enflurane or sevo- 
flurane), while those of T1, T2, T3 and T4 were 
delayed to various extents [2]. 

PTT is thought to indicate a prejunctional effect 
of non-depolarizing neuromuscular blocking agent. 
In contrast, the single twitch or TOF twitch height 
is thought to reflect postjunctional effects [2]. 
Inhalation anaesthetics prolong neuromuscular 
block by acting mainly on the postjunctional region 
of the neuromuscular junction [2], thus delaying the 
onset of the single twitch response, but not the PTT. 
The prolongation of PTT ,-single twitch intervals in 


Isoflurane Enflurane Sevoflurane 
14.4 (3.3)**+t 14.8 (4.0)** +4 15.3 (4.5)**++ 
8.9 (6-14)** 9.3 (7~]4)** 10.1 (7-16)** +t 


the isoflurane, enflurane and sevoflurane groups 
would result entirely from the delayed onset of the 
single twitch. Similarly, the finding that PTC at the 
onset of single twitch varied according to the 
anaesthetic used results from the difference in time 
to the onset of single twitch in the five groups. 

The concentrations of isoflurane and enflurane at 
the neuromuscular junction increase slowly and 
reach equilibrium after 90 min [4] and 200-240 min 
[5], respectively. However, the PTT, and single 
twitch appeared after approximately 30—45 min from 
induction of anaesthesia in our study, so the 
concentration of inhalation anaesthetic at the neuro- 
muscular junction would have been small and should 
have had little influence on our data. In addition, the 
time-dependent increase is slight [4,5]. 

PTT stimuli were carried out at 2.5-min intervals 
in our study. This relatively short interval was used 
for more precise determination of the relationship 
between PTT and single twitch. However, this may 
have affected spontaneous recovery of neuromuscu- 
lar block in the investigated arm [1,6]. Ali [6] 
reported that tetanic stimulation may increase muscle 
blood flow, and this would promote delivery of 
neuromuscular blocking agent to the neuromuscular 
junction and intensify the block. This suggestion 
requires further investigation. 
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EFFECT OF AGE ON EXTRADURAL DOSE REQUIREMENT IN 
THORACIC EXTRADURAL ANAESTHESIA 


Y. HIRABAYASHI AND R. SHIMIZU 


SUMMARY 


We have investigated the effect of age on thoracic 
extradural dose requirements in 62 patients aged 
20-79 yr. Fifteen millilitre of 2% mepivacaine was 
administered at a constant rate (7 mi s~!) by syringe 
pump through an extradural needle at the T9-10 
interspace. A mean of 15.5 (SD 4.2) spinal seg- 
ments were blocked 15 min after completion of the 
administration. The extradural dose requirement 
decreased with increasing age (r=-—Q0O.7, 
P < 0.001), the requirement in the elderly 
(60-79 yr) being about 40% smaller than that in 
young adults (20-39 yr). (Br. J. Anaesth. 1993; 
71: 445-446) 


KEY WORDS 


Age factors: extradural anaesthesia. Anaesthetic techniques: 
extradural. Anaesthetics, local: mepivacaine. 


Although many investigators have reported the effect 
of ageing on the extradural dose requirement in 
lumbar extradural anaesthesia, few have examined 
the effect of ageing on the extradural dose re- 
quirement in thoracic extradural anaesthesia [1]. 
Some authors have reported a reduction in lumbar 
extradural dose requirements with age [2, 3], while 
others have demonstrated that age has little or no 
effect on the spread of lumbar extradural anaesthesia 
[4]. 

If the dose requirement in thoracic extradural 
anaesthesia does vary with age, to what degree it 
varies remains unknown. We therefore investigated 
the effect of ageing on dose requirements in thoracic 
extradural anaesthesia. 


METHODS AND RESULTS 


We studied 62 patients aged 20-79 yr who required 
extradural anaesthesia for upper abdominal surgery. 
All gave informed consent to the study, which was 
approved by the Hospital Ethics Committee. Al 
patients were premedicated with atropine 0.5 mg 
and hydroxyzine 25-50 mg i.m. 1 h before surgery. 

The patient was placed in the right lateral position 
on a horizontal operating table. A 17-gauge Tuohy 
needle, the bevel of which was pointing cephalad, was 
introduced at the T9~10 interspace. The interspace 
was identified by examination and palpation of the 
spine, counting upward from the line joining the iliac 
crests which was assumed to correspond with L34. 


The extradural space was identified using the 
dripping infusion method. When no cerebrospinal 
fluid or blood flowed out of the needle, 2% 
mepivacaine 15 ml was injected into the extradural 
space through the needle at a constant rate of 1 ml s7? 
by a syringe pump (Kimura Medical, Japan). An 
extradural catheter was inserted to 5 cm beyond the 
bevel point of the needle and the patient was turned 
to the supine position. All blocks were performed by 
the same anaesthetist. Fifteen minutes after the 
injection, the upper and Jower border of analgesia to 
pinprick according to a dermatome chart was 
assessed on the left and right sides. The number of 
spinal segments blocked was expressed as the average 
number of analgesic segments on each side. The 
volume of 2% mepivacaine per spinal segment 
(dermatome) (ml D+) (the extradural dose require- 
ment) was calculated using the formula: amount of 
2% mepivacaine injected (15 m!) divided by number 
of spinal segments blocked. After assessment of the 
spread of analgesia, the patient was anaesthetized. 
Upper abdominal surgery was performed under 
combined extradural and general anaesthesia. 

The relation between age and extradural dose 
requirement was evaluated by linear regression 
analysis. The threshold for statistical significance 
was set at P < 0.05. 


Dose (mi D`?) 





20 30 40 50 60 70 80 
Age (yr) 
Fic. 1. Relationship between age and extradural dose requirement 
in thoracic extradural anaesthesia. D = Dermatome. Regression 
equation (straight line): y =—0.015x+ 1.266; r= —0.70, 
P < 0.001. 
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Mean (SD) age, weight and height were 
49.2 (12.7) yr, 56.1 (8.7) kg and 1.61 (0.08) m, re- 
spectively. Fifteen millilitre of 2% mepivacaine 
blocked 15.5 (4.2) spinal segments. The calculated 
extradural dose requirement decreased with ageing 
(r = —0.7, P<0.001) (fig. 1), average extradural 
dose requirements being: age 20-29 yr (n = 5}— 
1.47 (0.33) ml D~; 30-39 yr (n = 11)—1.24 (0.21) 
ml D; 40-49 yr (n= 19}—1.02 (0.21) mi D; 
50-59 yr (n = 14)—1.03 (0.19) ml D=; 60-69 yr 
(n = 9)—0.78 (0.12) ml D~; 70-79 yr (n = 4)— 
0.77 (0.05) ml D~+. The extradural dose requirement 
in the elderly (60-79 yr) was smaller than that in 
young adults (20-39 yr) by about 40%. 


COMMENT 


We have shown that a fixed dose of local anaesthetic 
administered into the thoracic extradural space 
blocked more segments in older patients compared 
with younger subjects. 

Schulte-Steinberg, Ostermayer and Rahlfs [1] 
studied the spread of midthoracic extradural an- 
aesthesia with 1% etidocaine and reported little 
correlation between age and spread of analgesia. ‘The 
volume given in their study varied between 7 and 
10 ml according to age and height: the older and 
smaller patients received the smaller doses of local 
anaesthetic. Their results are not directly comparable 
with ours, because the volume injected in our study 
was fixed. Furthermore, the method of administra- 
tion, through a catheter or extradural needle, may 
affect the spread of local anaesthetic in the extradural 
space. 

Leakage of anaesthetic solution from the extra- 
dural space may vary considerably in different spinal 
segments. Recent studies indicate that an increasing 
dose of anaesthetic solution resulted in greater 
leakage and consequently in greater calculated 
extradural dose requirement [5, 6]. The dependency 
of extradural dose requirement on volume injected 
makes evaluation of dose requirement difficult. We 
consider that extradural dose requirement calculated 
for a fixed dose may be adequate to evaluate the 
intrinsic factors that affect extradural spread of 
anaesthetic. 
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This was an unblinded study using a fixed dose of 
local anaesthetic. If two different volumes had been 
compared and the observer blinded to the volume 
used, a greater correlation between age and extra- 
dural dose requirement might have been obtained. 
Blinded studies should be performed in future. 

Measurements were taken 15 min after extradural 
administration in this study. Although the maximum 
spread of extradural analgesia with 2% mepivacaine 
occurred at 20-30 min, the greater part of this maxi- 
mum spread was already blocked at 15min. The 
T9-10 interspace was identified by examination and 
palpation of the spine. It is possible that there was 
some error in identifying the exact interspace. 
However, this should not affect our conclusions, as 
we assessed both upper and lower borders of 
analgesia instead of the height of analgesia. 

Despite the use of a fixed dose and constant rate 
administration by syringe pump, there was a large 
variation in the spread of analgesia and several 
factors other than age may affect the spread of local 
anaesthetic within the extradural space. However, an 
age-related decrease in thoracic extradural dose 
requirement was demonstrated. A reduction of the 
dose in thoracic extradural anaesthesia in the elderly 
is recommended. 
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ACTIONS OF THE HYPNOTIC ANAESTHETIC, 
DEXMEDETOMIDINE, ON NORADRENALINE RELEASE AND 
CELL FIRING IN RAT LOCUS COERULEUS SLICES 


C. M. JORM AND J. A. STAMFORD 


SUMMARY 


We have examined the effects of the highly selective 
alpha,-adrenoceptor agonist, dexmedetomidine, 
on noradrenaline release and cell firing in isolated, 
superfused slices of rat locus coeruleus. Dexmede- 
tomidine decreased both noradrenaline release 
and cell firing rate in a concentration-dependent 
fashion, with an EC; of 3.97 (SEM 0.97) 
x 10°§ mol litre for noradrenaline release and 
0.92 (0.53) x 10-9 mol litre for unit activity. Both 
effects were reversed completely by the selective 
alpha, antagonist, atipamezole 10°° mol litre’. 
These results suggest that cell firing and nor- 
adrenaline release are under aloha. receptor contro! 
and that dexmedetomidine potently stimulates 
these receptors. We conclude that these effects are 
consistent with the locus coeruleus being a major 
site of action of the hypnotic anaesthetic alpha, 
agonists. (Br. J. Anaesth. 1993; 71: 447-449) 


KEY WORDS 


Sympathetic nervous system, pharmacology: dexmedetomidine, 
atipamezole. 


Over the past 2 years, there has been increasing 
interest in the potential of alpha, adrenoceptor 
agonists, particularly the highly selective drug, 
dexmedetomidine. It has been suggested that the 
locus coeruleus may be an anatomical site of action 
for these agents [1]. It is the major noradrenergic 
nucleus, has diffuse ascending and descending 
projections, and controls (inter alta) vigilance. 

Our laboratory has recently [2] developed a 
method for simultaneously monitoring single cell 
activity and neurotransmitter release in brain slices 
using a single carbon fibre microelectrode (CFM). 
This combination makes it possible to investigate 
quantitatively the relationship between the nor- 
adrenaline release and cell excitation or inhibition. 

Most previous experimental work on alpha, 
agonists has centred on the pharmacological modu- 
lation of post-anaesthetic sleep times. Our aim was to 
examine the effects of dexmedetomidine on in- 
dividual locus coeruleus neurones and to attempt to 
relate, for the first time, actions on neuronal activity 
and release of noradrenaline. 


METHODS AND RESULTS 


Rat brain slices 350 um thick were prepared and 
maintained as described previously [3]. The locus 
coeruleus was visualized as a translucent oval area on 
the ventrolateral border of the fourth ventricle. A 
CFM was then lowered into the slice until a 
spontaneously active single unit could be discrimin- 
ated. Cell identity was further confirmed by the 
standard biphasic potentials and a firing rate of 
0.2-5.0 Hz. 

Quantitative, real-time release of noradrenaline 
was measured using fast cyclic voltammetry (FCV) 
as described previously [4]. An input voltage of 1.5 
cycles of a triangular waveform (—1.0 to +1.4 V ws 
Ag/AgCl) at a scan rate of 480 V s~! was applied to 
the potentiostat at a rate of 2 371. A sample-and-hold 
circuit monitored the current at the oxidation 
potential for noradrenaline (+600 mV). 

Between voltammetric scans, the CFM monitored 
the voltage at the microelectrode tip. This voltage 
was amplified and filtered, resulting in an electro- 
physiological signal with 50-ms gaps occurring at 
each voltammetric scan. Cells were counted with an 
integrating ratemeter. A dual-channel chart recorder 
was used to record continuously both firing rate and 
stimulated release of noradrenaline. 

‘Trains of 20 pulses (10 mA, 0.2 ms, 200 Hz) were 
applied every 20 min. The rate of cell firing was 
measured for the 2 min immediately before stimu- 
lation. A pre-drug period of 1 h was used for each 
experiment; three measurements of noradrenaline 
release were made in this period. Drug effects on 
release of noradrenaline and cell firing were sub- 
sequently calculated relative to this initial period. 
This required that the cell would fire regularly for 
60 min. Cells that did not maintain this were 
discarded. All experiments commenced within 3 h of 
the dissection. Control studies (n = 8) were per- 
formed in which no drug was added and firing rate 
and release monitored over a 200-min period. 

Incremental concentrations of dexmedetomidine 
10-4, 10°, 10°, 10° and 107 mol litre: were 
added at 20-min intervals, immediately after the 


C. M. JORM, M.B., B.S., F.A.N.Z.C.A.; J. A. STAMFORD, B.SC., PH.D.; 
Anaesthetics Unit, London Hospital Medical College, Alexandra 
Wing, Royal London Hospital, Whitechapel, London EI IBB, 
Accepted for Publication: March 18, 1993. 

Correspondence to J.A.38. 


448 


5 2 8 8 


Percent of pre-drug 


NO 
© 


0 
10712 10711 10-10 


BRITISH JOURNAL OF ANAESTHESIA 


* 


1079 1078 1077 1078 


Dexmedetomidine concn (mol litre!) 


es 
S$ & 3 & 


Percent of pre-drug 
ft. 
oS 


0 PoR 


Firing 








NA release 


Fic. 1. A: Concentration—response curves for the reduction in cell firing rate (C]) and release of noradrenaline (W) in 

the locus coeruleus caused by dexmedetomidine (mean, SEM; n = 7 slices). * P < 0.05: cell firing vs noradrenaline 

release (paired t test). B: Reversal of effect of dexmedetomidine 107? mol litre~! by atipamezole 10~* mol litre7! (mean, 

SEM). [] = Dexmedetomidine (n = 7); = dexmedetomidine -+atipamezole (n= 7) (W = controls (n = 8)). 
* P < 0.05: dexmedetomidine vs all other groups (ANOVA). No other significant differences between groups. 


stimulation that represented the effect of the previous 
concentration on noradrenaline release. After the 
effect of dexmedetomidine 107" mol litre’ was 
recorded, atipamazole 107% mol litre! was added (to 
the dexmedetomidine) for a further 40 min to assess 
reversal. The electrodes were calibrated in nor- 
adrenaline 5x107 mol litre? at the end of the 
experiment. 

The effects of dexmedetomidine on release of 
noradrenaline and cell firing were compared by 
paired ¢ test. Comparison of control, dexmede- 
tomidine and dexmedetomidine with atipamezole 
groups was by analysis of variance (ANOVA). 

In the 15 slices examined, the mean cell firing rate 
was 1.7 Hz (range 0.64-4.30 Hz). Mean stimulated 
release of noradrenaline corresponded with a peak 
extracellular concentration of noradrenaline 
2.1 (SEM 0.4) x 1077 mol litre?. The response of the 
cells to the stimulations was variable, although the 
most common pattern was a brief excitation, followed 
by inhibition and then return to the baseline rate of 
firing. Release of noradrenaline and cell firing in 
control slices were generally stable over this quite 
long period of study (firing rate at 160 min being 86 
(9)% of that in the initial 1 h, and noradrenaline 
release 110 (6)%). 

Dexmedetomidine reduced significantly both cell 
firing and release of noradrenaline in a concen- 
tration-dependent manner (fig. 1A). The maximum 


decrease in release of noradrenaline was 55 (4)% 
whilst, for six of seven cells, dexmedetomidine 
completely abolished cell firing. EC,, for dexmede- 
tomidine was 3.97 (0.97) x 10? mol litre on release 
of noradrenaline and 0.92 (0.53) x 10-® mol litre! on 
unit activity. Greater concentrations of dexmede- 
tomidine induced a significantly (P < 0.05: paired t 
test) greater inhibition of cell firing than of release of 
noradrenaline. 

The actions of dexmedetomidine 10~’ mol litre? 
on noradrenaline release and unit activity were 
reversed completely by simultaneous administration 
of atipamezole 10-8 mol litre! for 40 min, with no 
significant difference (ANOVA) from time-matched 
controls (fig. 1B). 


COMMENT 


Locus coeruleus neurones fire regular spontaneous 
action potentials in brain slice preparations for many 
hours [5]. The firing reflects a balance between a 
persistent inward sodium current active near the 
action potential threshold and a calcium-dependent 
potassium current activated after the action potential 
(causing an after-hyperpolarization). Known inhibi- 
tors include GABA, glycine and noradrenaline, while 
glutamate is excitatory. In vivo, the pattern of firing 
is more complex, as it is affected markedly by 
external stimuli, sleep etc. 
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The results of this study show that dexmede- 
tomidine reduces both release of noradrenaline and 
the basal firing rate of locus coeruleus cells. The 
complete reversal of the effect by atipamezole, a 
highly selective alpha, antagonist, is strong evidence 
that both effects are mediated via alpha, receptors. 
The maximum response to alpha, receptor stimu- 
lation differs for the two indices: cell firing appears 
more sensitive, but also a more variable index of 
alpha, activity than release of noradrenaline. 

It appears, on the basis of catecholamine depletion 
studies [6], that, in addition to the effects of the 
alpha, agonists on presynaptic alpha, receptors, some 
of the anaesthetic effects of dexmedetomidine result 
from action on postsynaptic alpha, receptors. The 
present study nevertheless shows that dexmede- 
tomidine has potent actions in the locus coeruleus, 
where it acts presumably on dendritic (i.e. pre- 
synaptic) alpha, receptors, and supports the view 
that the locus coeruleus may be a major site of action 
of this drug. The apparent dissociation of the actions 
of the drug on cell firing and noradrenaline release 
may indicate different receptor subtypes or receptor 
reserves for these processes. This is currently under 
investigation. 
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DISCREPANCY BETWEEN THE DEVELOPMENT OF TOLERANCE 
TO BUPIVACAINE IN EXTRADURAL AND SPINAL 


ANAESTHESIA IN RABBITS 


E. GOLOMB, L. LANGERMAN AND S. BENITA 


SUMMARY 


We gave equal groups of rabbits seven extradural 


(500 ug kg") or intrathecal (250 ug kg") injec- ` 


tions of bupivacaine, at 24-h intervals. A decrease 
in the duration of motor block was observed after 
the extradural injections. The intrathecal injections 
exerted a reproducible effect. An additional regimen 
was tested in which five doses of bupivacaine 
725 ug kg! were administered intrathecally after a 
loading dose of 250 ug kg™', when the animals 
showed partial recovery from the previous dose; 
there was no decrease in the effect. The absence of 
tolerance to intrathecal bupivacaine implies that 
tachyphylaxis to extradural local anaesthetics 
results from a decrease in availability of the drug to 
the neural target, rather than a diminution in effect 
at the site of action. (Br. J. Anaesth. 1993; 71: 
450-452) 


KEY WORDS 


Anaesthetic techniques: spinal, extradural. Anaesthetics, local: 
bupivacaine. Tachyphylaxis. 


Tachyphylaxis to local anaesthetics has been de- 
scribed widely when different routes of administra- 
tion are used, including extradural injections [1]. 
However, in several studies the development of 
tolerance has not been confirmed after continuous or 
repeated spinal administration of local anaesthetics 
[2, 3]. As the indications for extradural and spinal 
analgesia in many cases are similar, we designed this 
study to examine and compare the existence and 
extent of tolerance to a local anaesthetic in the 
extradural and spinal spaces. Local anaesthetic 
action, evaluated by estimation of motor block 
duration, has been assessed after repeated intrathecal 
and extradural injections of bupivacaine in rabbits. 


METHODS AND RESULTS 


Seven injections of bupivacaine were administered 
to two equal groups of male rabbits (2.8—3 kg; n = 6) 
extradurally (group I; bupivacaine 500 ug kg“!) or 
intrathecally (group II; bupivacaine 250 ug kg“) at 
24-h intervals via chronically implanted catheters. 
Cannulations were performed using modifications of 
techniques described elsewhere [4,5]. The period 
between administration of the drug and restoration 
of the animal’s ability to move freely was defined as 
the duration of motor block. 


We found a significant gradual decrease in the 
duration of the motor block produced by repeated 
extradural injections (group I) commencing from the 
fourth injection (P < 0.05 between the 3rd and 4th 
days; P<0.01 between 4th—5th, 5th—-6th and 
6th-7th days) (fig. 1). In contrast, animals treated by 
repeated intrathecal injections of the anaesthetic 
(group II) exhibited similar periods of motor block 
throughout the 7 days of the study (fig. 1). 

As tolerance to repeated intrathecal injections of 
bupivacaine at 24-h intervals was not found, an 
additional study was undertaken, in which bupiv- 
acaine was injected before the animal exhibited 
complete recovery from the effect of the previous 
dose. Six rabbits (group III) received bupivacaine 
250 ug kg followed by five doses of 125 pg kga. 
These doses were administered as soon as the animal 
supported the back of the body using four limbs 
(showed partial recovery from the block). The period 
between injection and restored ability of the animal 
to stand, still exhibiting ataxia, was referred to as the 
duration of maximum motor block. The repeated 
intrathecal injections of bupivacaine at short inter- 
vals (each injection was administered before com- 
plete recovery from the effect of the previous dose) 
exerted a similar maximum motor block (fig. 1). 


COMMENTS 


Tachyphylaxis to extradurally administered local 
anaesthetics has been described in humans [L1]. 
Tachyphylaxis to spinal administration of local 
anaesthetics has also been assumed, based on two 
types of evidence [1]. The first was the finding of a 
reduction in the duration of analgesia produced by 
successive subarachnoid injections of lignocaine in 
patients with crural gangrene caused by vascular 
occlusion. This reduction was attributed to tol- 
erance. However, an alternative explanation, relating 
the reduction in effect to an increase in pain because 
of progression of the pathological process, may be 
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Fic. 1. Duration of motor block produced by repeated injections 
of bupivacaine. The serial number of the injection is presented on 
the horizontal axis, and the mean duration of motor block on the 
vertical axis. Error bars represent SEM; n=6. A: Repeated 
extradural injections of bupivacaine 500 ug kg! at 24~h intervals. 
The duration of motor block refers to the period between the 
injection and the restored ability of the animal to move freely 
without limitations. P < 0.05 between the 3rd and 4th days; 
P< 0.01 between 4th—5th, 5th-6th and 6rth-7th days. B: Re- 
peated intrathecal administration of bupivacaine 250 ug kg? at 
24-h intervals. Duration of motor block defined as in the 
extradural group (A). C: Repeated intrathecal injections of 
bupivacaine 125 ug ke! after a loading dose of 250 ug kg™!. Each 
injection was performed when animals had recovered partially 
from the block. The duration of maximum motor block refers to 
the period between the injection and the restored ability of the 
animal to stand on four limbs, still exhibiting ataxia. 


proposed. The second type of evidence was based on 
the observation that the pH of the CSF decreases 
after repeated spinal administration of local anaes- 
thetics. It was hypothesized that this pH reduction 
affected distribution of the agent between CSF 
and nerve tissue, causing tolerance. However, the 
finding was not accompanied by an estimation of the 
pharmacological effect. A reduction in the duration 
of the effect of these anaesthetics after caudal 
administration was presented as evidence oftachyphy- 
laxis to intrathecal administration. As different 
anatomical structures affect drug distribution in 


spinal compared with caudal anaesthesia, the legit- 
imacy of this evidence is doubtful. 

Analysis of results obtained by Kroin and col- 
leagues, who used continuous subarachnoid admini- 
stration of bupivacaine in dogs for 16 weeks, did not 
show a decrease in motor block [2]. Successful 
analgesia of 7 months duration, achieved by bupiv- 
acaine in a patient with a spinal tumour, has been 
reported [3]. In the present study, repeated spinal 
injections of bupivacaine at 24~h intervals produced 
reproducible effects. Repeated injections of the drug 
before full recovery from the previous dose also did 
not show any reduction in effect. 

A decrease in effect after repeated extradural 
administration of local anaesthetics may occur be- 
cause of a fibrosis around the catheter. Formation of 
connective tissue in the extradural space was 
reported in rats [5]. Moreover, a study in cancer 
patients after prolonged spinal administration of 
bupivacaine and morphine revealed formation of 
adhesions mostly in the extradural space [6]. Ob- 
viously, this mechanism cannot account for the 
reduction in anaesthetic efficacy when short intervals 
between injections were used. A decrease in the 
duration of block has been reported when local 
anaesthetics were administered extradurally shortly 
after the reduction of the effect of the previous 
injection [1]. However, in the same work it was 
shown that after three or four injections the re- 
duction in anaesthetic efficacy did not continue. 
Moreover, if repeated injections were given before 
the end of the effect of the previous dose, it resulted 
in augmentation of effect [1]. We speculate that 
frequent extradural injections of anaesthetic solu- 
tions may increase the amount of extracellular and 
intracellular fluid in the area of injection or decrease 
the buffering capacity and pH of the surrounding 
tissue. This may reduce the availability of the drug 
to nerve cells, causing a reduction in effect. Hence, 
repeated extradural administration of local anaes- 
thetics may display different patterns of effect: 

(1) Initial diminution as a result of decreased drug 
availability to nerve cells because of changes in pH 
and accumulation of fluids around the area of 
injection. 

(2) Initial augmentation because of anaesthetic ac- 
cumulation when administered before elimination of 
the residual drug from the nerve cells. 

(3) Delayed diminution after a few days because of 
formation of adhesions around the catheter. 

The basis for tolerance could be a reduction either 
in the effect at the receptor level or in the fraction of 
anaesthetic reaching the neural target. The molecular 
mechanism of anaesthetic action on neural tissue is 
similar for both spinal and extradural anaesthesia. 
The difference in the development of tolerance 
between the routes of administration implies that 
tachyphylaxis to local anaesthetics results from a 
decrease in drug availability, rather than alteration in 
the effect at the site of action. 
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TABLE I, Part of questionnaire distributed to each anaesthetist employed at the departments 


1. What magnitude of abberance from the vaporizer 


0% rel 0-5% rel. 5-10% rel. 10-20% rel. > 20% rel. 


dial setting do you find acceptable? O G O 1 O 
O Dial setting irrelevant, dosage according 
to clinical parameters. 
2. Are you using Isotec or Fluotec vaporizers (Tec 3) 
with the dial set between the fixed marks in the O Often O Seldom/never 


dial setting range 0-1 %? 

3, Are you using Enfluratec vaporizers with (Tec 3) 
the dial set at 0.2/0.4/0.6/0.8 % ? 

4. If you have answered seldom/never to question 
2, is the reason that you 


5. If you have answered seldom/never to question 3, 
is the reason that you 


HUGGA 


“half” and “full” marks. All were transported 
upright and with the dial in the “off” position. Each 
vaporizer was mounted on an anaesthetic machine. If 
this was done using the Selectatec system, we 
ensured that the manifold port valve “O” rings were 
intact, and the lever-lock was in the “‘lock”’ position. 
Similarly, for every vaporizer we checked that the 
drain port was fully closed. 

At the vaporizer outlet, an [SO-cone with a 50-cm 
p.v.c. hose was mounted. The sampling tube of the 
monitor was connected via a Y-piece at the end of the 
hose, thus providing a homogenous gas mixture and 
a free outlet, avoiding pressure variations. Before 
each test, the vaporizer was flushed with the dial set 
at 4% and an oxygen flow of 8 litre min™ for a few 
minutes, in order to remove any nitrous oxide 
dissolved in the anaesthetic liquid, as this may have 
a major influence on output [19]. In addition, we 
monitored the eventual output of nitrous oxide 
during the test sequence. The vaporizers were tested 
at three different flow rates of oxygen: 0.5, 2 and 
6 litre min™!. Fluotec and Isotec vaporizers (Tec 3, 
Ohmeda Ltd, U.K.) had the dials set at 0.5, 1, 2, 3.5 
and 5%. As these vaporizers are used commonly 
with the dial set between the fixed marks, they were 
tested also at settings of 0.25%” and “0.75%”. 
Transparent plastic scales (log scale) with marks 
representing 0, “0.25” and “0.75” Gog centre) 
settings for each type of vaporizer were produced. 
The 0 marks of the plastic scale and the dial were 
aligned and the dial was then set at “0.25” or 
0.75”, thus testing each vaporizer under uniform 
conditions. Enfluratec vaporizers (Tec 3, Ohmeda 
Ltd, U.K.) had the dials set at 0.2, 0.4, 0.6, 0.8, 1, 2, 
3.5 and 5%. 

The output was noted at each dial setting and flow 
rate, and readings were made continuously until 
stability was reached, usually after 30 s. The date of 
the last service check was also noted. After the test 
sequence at each department, the Briiel & Kjær 
Anaesthetic Gas Monitor Type 1304 was checked 
against the calibration gas in order to evaluate any 
drift. Before our investigation of the vaporizers, we 
distributed a questionnaire to each anaesthetist 
employed at the departments (table I). 


Maintenance policy 


According to guidelines issued by the Danish 
National Board of Health, all vaporizers should be 


Often O Seldom/never 

do not trust the vaporizer at these dial settings 
do not find these dial settings clinically relevant 
do not use this type of vaporizer 

do not trust the vaporizer at these dial settings 
do not find these dial settings clinically relevant 
do not use this type of vaporizer 


sent annually to the manufacturer for a complete 
service check; this includes disassembling, cleaning 
and calibration. All departments stated that these 
guidelines had been followed. Apart from this, one 
department had implemented 3-monthly calibration 
checks using an anaesthetic agent monitor (Datex 
Capnomac, Datex, Finland). If the vaporizer output 
exceeded some specific limits (+20 % rel. in the dial 
setting range 0-1%, +15% rel. in the dial setting 
range 2-4%), the vaporizer was sent for recali- 
bration. Oxygen was used as carrier gas at a flow rate 
of 5 litre min“. 


Criteria for acceptance 


Because of lack of explicit data (in the Operators’ 
Manuals) regarding the actual calibration limits, we 
decided that the output was acceptable if it was 
within +10% rel. of the dial setting. Added to this 
was the error in measurement, caused by the gas 
monitor and calibration gas (+5%rel.). As a 
consequence, our acceptance limits were +15% rel. 
(or +0.1 vol%, greatest value chosen). As the 
Fluotec 3 and Isotec 3 vaporizers do not have fixed 
marks at dial settings “0.25”? and “0.75”, the 
outputs at these dial settings are not included in the 
part of the investigation dealing with acceptability. 
Consequently, the Fluotec and Isotec vaporizers 
were tested for acceptability at five dial settings and 
the Enfluratecs at eight dial settings; all vaporizers at 
three flow rates. 


Statistical analysts 


The accuracy of the Tec vaporizers undergoing 
quarterly calibration checks and of those submitted 
only to annual service and calibration was compared 
using chi-square analysis, as was the discrepancy 
between answers in the questionnaire. P < 0.05 was 
regarded as statistically significant. 


RESULTS 


A total of 114 vaporizers was reported to be-in 
clinical use at the seven departments. One hundred 
and two vaporizers (90 %) were tested; the rest were 
in use for anaesthetic procedures at the time of our 
visit. We decided to omit the data for two Penlon 
vaporizers and seven Drager Vapor 19.n vaporizers 
because of small numbers. Data for the equipment 
tested are given in table II. The date for next 


sabe 
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TABLE Il. Type of vaporizers and time from last calibration (number 
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—40 cc 220 : 
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0.2 0.4 


0.6 0.8 1 2 3.5 5 
Dial setting (vol %) 


Fic. 1. Relative variation from dial setting in Tec 3 vaporizers. 
Each column shows range of relative variation (@ = mean) at 
fixed vaporizer settings. Carrier gas: oxygen 6 litre min™}. 


calibration was overdue in three vaporizers (by 1, 2 


and 4 months). The mean age of the Tec vaporizers 


(time in use) was approximately 10 yr. 

The department using 3-monthly calibration 
checks—performed by their own medical physics 
staffi—stated that two vaporizers (of a total of 33 Tec 
3) had been sent for recalibration during the past 
year. Figure 1 illustrates the relative range and mean 
deviations of the vaporizer output from the dial 
settings at a flow rate of 6 litre min™. The range of 
outputs, for one type of vaporizer and one dial 
setting, was largest with the Fluotec 3 (e.g. dial set to 
1%: output 0.85-1.55%) and smallest with the 


than the dial setting, and the relative range of 
outputs was wider, as in the fixed settings. Only one 
of the Fluotec 3 vaporizers gave no output at the dial 
setting ““0.25”°%; thus a “cut off’ phenomenon 
was not demonstrated generally. When the dial was 
set at “°0.75°°%, the vaporizer performance was of 
the same relative proportion as in the fixed settings. 

A small flow dependency was seen with the Tec 3 
vaporizers, giving excessive output at the greatest 
dial setting and slowest flow rate; this diminished as 
the flow increased. The output was not influenced by 
changes in flow rate (0.5—6.0 litre min™!) at dial 
settings most relevant clinically (0.5-2%). 

Figure 2 illustrates the number of vaporizers with 
an unacceptable inaccuracy at any one of the 15 or 24 
combinations of flow and vaporizer setting (Fluotec 
and Isotec, three flow rates and five dial settings; 
Enfluratec, three flow rates and eight dial settings). 
In order to derive the percentage of vaporizers with 
an unacceptable output, especially at clinically 
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substantial variation: 10% of the Fluotec 3 were in 
this group, compared with none of the Isotec 3 and 
15 % of the Enfluratec 3. The second condition was 
output beyond the acceptance limits in the clinically 
relevant dial setting range (0.5 or 0.6%, 1%, 2%; 
three data points for each vaporizer); on this basis, 
15% of the Fluotec 3, 10% of the Isotec 3 and 35% 
of the Enfluratec 3 delivered excessive output. 

One reason for the greater accuracy of the Isotec 3 
vaporizers could be that, because of the cost of 
isoflurane, these have been used less frequently. 
Only a relatively small number (12) of Isotec 3 
vaporizers was investigated. As the precise measure- 
ment of anaesthetic agent concentration in the gas 
mixture delivered to the patient during anaesthesia is 
still not routine, the accuracy of anaesthetic agent 
vaporizers is important. While cardiovascular de- 
pression caused by excessive vaporizer output may 
be recognized and corrected, it is better avoided 
altogether. 

Carter and colleagues [17] examined 631 main- 
tenance records of vaporizers in the West of 
Scotland; among these were 236 Fluotec 3 and 214 
Enfluratec 3. All vaporizers were given 6-monthly 
calibration checks; apart from this there was no 
uniform policy for maintenance. Oxygen was used as 
carrier gas at 5-7 litre min™ and the monitors were 
Riken interferometers. The acceptance limits were 
+10% rel., and to this was added the error of 
measurement. They demonstrated calibration errors 
in 9% of the Fluotec 3 and in 4% of the Enfluratec 
3. Isotec 3 vaporizers were not examined. More 
vaporizers failed the acceptance limits in our study, 
although the acceptance limits were identical and the 
flow rates similar. The apparently smaller variation 
in the output found by Carter’s group could be a 
result of the procedure of 6-monthly calibration 
checks and recalibration of the vaporizers failing the 
acceptance limits, compared with the general policy 
of maintenance revealed in our study, namely annual 
service and recalibration. In addition, the vaporizers 
we investigated had been in use for 10 years, as 
opposed to 4 years in use for the vaporizers 
investigated by Carter and colleagues. 

At the one department in our study which had 
implemented 3-monthly calibration checks, the ac- 
curacy of the vaporizers was significantly better. 
Because of the smaller resolution of the monitor used 
for measurement at this department, compared with 
that used in the present study, the limits were 
somewhat less restricted in the dial setting range 
0-1%, and measurements at 5% were not per- 
formed. 

The mean output of the Fluotec 3 and the Isotec 
3 vaporizers with the dial setting between the fixed 
marks of 0%, 0.5% and 1%, was somewhat less 
than that expected, especially at 0.25%”. This 
could be attributable to the fact that the vaporizers 
were not calibrated at these points. We could not 
demonstrate the “cut-off” phenomenon found by 
Latto [5] using Fluotec 3 vaporizers with the dial 
setting positioned midway between “‘oFF” and 0.5%, 
although there might be a difference in the exact 
position of the dial setting. As the survey among the 


anaesthetists at the seven departments showed that 
the Fluotec 3 and Isotec 3 vaporizers were used quite 
often (39 %) with the dial setting positioned between 
the fixed marks in the low concentration range, we 
recommend calibration and marking of the 0.25” % 
and °‘0.75’’% set points. 

From our results we believe it is reasonable to 
presume that all vaporizers could achieve acceptable 
accuracy by implementing regular field calibration 
checks, and sending for recalibration only those 
vaporizers with output beyond certain limits. How- 
ever, the regular service check of the vaporizers with 
acceptable output should not be omitted, but the 
interval extended. 
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CORRESPONDENCE 





PRE-EMPTIVE ANALGESIA—USE OF IMMEDIATE EARLY 
GENES EXPRESSION AS MARKERS OF NEURONAL 
STIMULATION 


Sir,—We were interested in the article on pre-emptive analgesia 
by Dahl and Kehlet [1] and comments made in a letter on this 
same topic by Hardy [2]. Dahl and Kehlet concluded that most 
trials of pre-emptive analgesia in man do not show a completely 
convincing clinical effect and suggest “further investigation 
before clinical recommendations of pre-emptive analgesia can be 
established”’. While we share some of Dr Hardy’s misgivings that 
much of the scientific justification quoted for the pre-emptive 
approach to analgesia comes from work on the electrophysiological 
phenomenon of “wind-up” which occurs in the spinal cord only 
in the short term after nociceptive stimulation of sensory fibres, we 
would disagree strongly with his conclusion that “It is only by the 
study of pain and pain mechanisms in man that there will be any 
advances in clinical practice” [2]. We believe that experimental 
studies of “‘immediate early gene” expression in spinal cord after 
noxious stimulation can already answer some of the questions 
regarding the ineffectiveness of many pre-emptive analgesia 
regimens with drugs used currently. 

The primary afferent sensory barrage that strikes the spinal 
cord at the time of injury not only produces immediate 
electrophysiological wind-up, but also initiates a set of long-term 
molecular events, including the expression of immediate early 
genes (IEG). Even a transient noxious stimulation leads to the 
expression of the IEG c-fos within 10 min of stimulation in the 
superficial layers of the dorsal horn of the spinal cord [3]. These 
layers are known to receive nociceptive afferent input and 50 % of 
the neurones which expressed Fos protein had connections to 
known higher pain centres [4]. There is evidence that IEG 
expression has functional and behavioural correlates. Fos protein 
dimerizes with another IEG protein termed Jun to bind to a 
particular site on DNA known as API, leading to altered gene 
transcription [5]. The genes for nerve growth factor and pre- 
prodynorphin have the AP1 binding sites, and Fos protein has 
been shown to co-localize with dynorphin protein [6]. Models of 
both acute pain and inflammation have been associated with 
increased dynorphin production and dynorphin causes hyper- 
algesia when applied directly to the spinal cord [7]. The “pain” 
behaviour in response to noxious stimulation in a rat model has 
been shown to be directly proportional to the quantity of Fos 
expression [8]. 

Study of these IEG may explain why pre-emptive analgesia 
may be difficult to obtain. It has been shown that morphine can 
suppress electrophysiological wind-up with 10-fold less drug 
when given pre-emptively rather than after the stimulation [9]. In 
both situations, however, there is still a significant level of 
induction of c-fos with noxious stimulation [10]. Furthermore, 
ME-801, a competitive NMDA antagonist, also has been shown 
to block wind-up, but again it does not fully block c-fos expression 
[11]. Thus in two situations in which wind-up measurements 
might indicate that pre-stimulus dosing with morphine or the use 
of NMDA antagonists might be effective as pre-emptive anal- 
gesics, [EG studies, in contrast, have indicated that the long-term 
molecular changes still occur. These latter changes may be 
associated with hyperaesthesia and allodynia [7]. The study of 
IEG may also explain why a pre-emptive approach to analgesia 
may be ineffective in surgery for previously painful pathology. 
Noxious stimulation anywhere in the body has a “priming” effect 
on the spinal cord, allowing further noxious stimulation, for 
example surgery, to cause dramatically increased induction of c- 
fos in the spinal cord [12]. Present regimens of analgesia often do 
not fully block noxious stimulation at the time of surgery or, 
alternatively, the analgesia wears off too quickly, allowing a 
barrage of nervous impulses again to induce c-fos. Alternative 
approaches are required. There is evidence that high-dose pre- 
emptive i.v. magnesium may have a significant analgesic effect 
[13] by its block of the NMDA channel. A similar strategy with 
non-competitive NMDA antagonists such as CPP (3-[2-carboxy- 
piperazin-4-yl]propyl-i-phosphonic acid) [14], may also prove 
useful. The multi-modality approach to pre-emptive analgesia as 
suggested previously by Kehlet himself, using these alternative 


pharmacological strategies, may allow us to achieve the cherished 
goal of pre-emptive analgesia. Immediate early gene research 
complements the established neurophysiological studies and the 
use of these markers may lead not only to a greater understanding 
of the pathogenesis and treatment of acute pain, but also to an 
understanding of the transition between acute and chronic pain 
[15]. 
R. MUNGLANI 
J. G. JONES 
School of Clinical Medicine 
Cambridge 
S. HUNT 
Laboratory of Molecular Biology 
Medical Research Council Centre 


Cambridge 
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CORRESPONDENCE 


INFLUENCE OF CARDIAC OUTPUT ON THE 
CORRELATION BETWEEN MIXED VENOUS AND CENTRAL 
VENOUS OXYGEN SATURATION 


Sir,—Because there was close correlation between mixed venous 
(S¥,) and central venous (Scv,,) oxygen saturations in his study 
of largely elective cardiac surgical patients, Dr Berridge [1] 
asserted that Scvo, may be used to estimate derived oxygen 
transport variables in emergency situations. This is in dis- 
agreement with previous studies (2] and, we feel, merits further 
comment. 

Statistically, close correlation between two measurements 
implies that there is a mathematical relationship between them, 
not that they are interchangeable. For example, if there had been 
a constant difference of, say, 20% between SYo, and Scvo, in all 
patients, the correlation coefficient would have been 1.0. Clearly, 
however, the two measurements could not be said to be 
interchangeable. A more useful test to determine whether two 
measurements are interchangeable is the method described by 
Bland and Altman [3]. This examines the differences between 
measurements made in an individual patient and may be applied 
to the data in Dr Berridge’s paper. The 95 % confidence intervals 
for the mean (mean + 2 SEM) of the difference between central and 
mixed venous oxygen saturation for the entire study group were 
(Sev9,— S¥o.) = 2.45-3.75 %. To calculate the potential variation 
in the difference between central and mixed venous oxygen 
saturation for an individual patient in the study group, we need to 
calculate sp. The sp of the entire study group is calculated from 
the formula: SEM = SD- ./sample size. The 95% confidence 
intervals for an individual patient in the study group (mean +2 sD) 
for the difference between central and mixed venous oxygen 
saturation are therefore (Scvg,—SVo,) = —2.57 to 8.77%. 

Using the above range of measurements for Scvo,, the variation 
in derived oxygen transport variables may be demonstrated by 
calculating oxygen consumption (Vo,). The range of Vo, values 
may then be compared against Vo, calculated using mean SV, 
(= 70.8%). From the study, mean cardiac index (CIT = 3.3 litre 
min“! m™*. If we assume an arterial saturation (Sao) = 97%, 
haemoglobin (Hb)=11.5gdt4, Hufner factor = oxygen 
1.34 ml/g Hb and ignore the small contribution of oxygen 
dissolved in plasma (< 2% total oxygen content) then we can 
calculate, using SV), that Vo, = 133.0 m! min“! m™*. Using the 
range of Scvo, values we can calculate that, for 95% of patients, 
Vo, may vary between 88.4 and 147.2 ml min`? m™*. We consider 
this to be a significant potential error in estimation of Vo,. 

We have previously presented data from our unit comparing the 
differences between pulmonary artery (mixed venous), right atrial 
and superior vena cava (central venous) oxygen saturations in 
critically ill patients (mean APACHE II score = 24.6), and 
showed large variability [4]. Oxygen saturation was measured 
with an IL 282 Co-oximeter. Blood from the superior vena cava 
(Ssvcg), which is the most likely sampling point when using 
jugular or subclavian vein catheters, showed the widest variation 
from pulmonary artery saturation (SPA,,). The mean difference 
was (SSVCo, — SPAg,) = 7.93% with a 95 % confidence interval for 
an individual patient of — 18.4 to 24.2%. Using these measure- 
ments we can calculate Vo,. The patients reported had mean 
CI = 4.5 litre min` m~™?, mean Hb=11.5gdl-’ and mean 
Sa, = 97%. For comparison with the above, we calculated Vo, 
ignoring the small contribution from dissolved oxygen and used 
oxygen 1.34 ml/g Hb as the Hufmer factor. If blood is taken from 
the pulmonary artery, mean Vo, = 171.4 ml min“ m“, while, for 
blood from the superior vena cava, Vo, may vary for 95% of 
patients between 3.6 and 299.3 ml min™ m=?! 

We conclude that Dr Berridge has shown, in a heterogeneous 
group of patients, that there are significant differences between 
central and mixed venous oxygen saturation and has confirmed 
that blood from central veins cannot be used as a mixed venous 
sample for calculation of derived oxygen transport variables. 


J. D. RIGG 

P. N. NIGHTINGALE 

E. B. FARAGHER 
University Hospital of South Manchester 
Manchester 
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Fic. 1. Bland-Altman plot of two methods of estimating Vo,I: 
using SVo, or Scvo,. 
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Sir,—I suggested, but did not “assert” that, because of a close 
correlation between central venous and mixed venous oxygen 
saturations, central venous samples were a useful estimate of 
mixed venous oxygen saturations. I have already supplied the 
relevant Bland-Altman data in reply to previous correspondence 
[1]. 

Regarding the oxygen transport variables, I have calculated 
the oxygen consumption index (Y0,] for the study population 
using either mixed venous oxygen saturation or central venous 
oxygen saturation and the actual haemoglobin concentrations 
of the patients. The results are as follows: mean Vo,I using 
SVo, = 126 ml min m~? (95% confidence intervals 116.6- 
136.1 ml min`? m™*); mean Vo,I using Scvo, = mean 113 ml 
min”? m~? (95% confidence intervals 103.8-121.5 ml min“ m~’). 
The Bland-Altman plot of the two methods of estimating Vo,] is 
shown in figure 1. Mean bias is 13.7 ml min` m™ and limits of 
agreement are —11.4 to 38.8 mi min“! m~?. The usefulness or 
otherwise of such data is for the individual to judge. I cannot 
explain the difference between my findings and other authors, 
except that there was a deliberate attempt to position the central 
venous catheter optimally, clinically, and that a large proportion 
of the patients I studied were undergoing cardiac surgery and did 
not have sepsis. 

J. C. BERRIDGE 
Leeds General Infirmary 
Leeds 


1. Berridge JC. Statistical assessment of two methods of clinical 
measurement. British Journal of Anaesthesia 1993; 70: 595. 


PIPECURONIUM-INDUCED PROLONGATION OF 
VECURONIUM BLOCK 


Sir,—Drs Smith and White [1] explained the prolongation of 
vecuronium block after partial recovery from pipecuronium on 
the basis of residual receptor occupancy by the pipecuronium. 
They attributed this to a presumed plasma concentration of 
pipecuronium about 50 min after administration of 10 ug kg7?. In 
our study, we demonstrated prolongation of vecuronium block 
after 50% recovery from pancuronium and a decrease in duration 
of pancuronium block after 50% recovery from vecuronium. In 
these experiments, the influence of the plasma concentration of 
drug and therefore of any pharmacokinetic influence was obviated 
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by performing the two experiments simultaneously using the two 
isolated forearms of volunteers [2]. Thus at the time of the second 
administration of the drugs the background minimal plasma 
concentration was the same in both arms. 

A further argument against this phenomenon being caused by 
acetylcholine receptor occupancy is our observation that, at the 
point of 100% recovery of T1 and presumably about 80% 
residual receptor occupancy, no effect of the conditioning drug 
upon the second drug was observed. As a result of this and other 
observations, we concluded that the effect described was the result 
of biophase binding in the effect compartment and was not 
directly dependent upon pharmacokinetic events [3]. 


S. A. FELDMAN 

J. Hoop 
Charing Cross and Westminster Medical School 
London 


1. Smith I, White PF. Pipecuronium-induced prolongation of 
vecuronium neuromuscular block. British Journal of An- 
aesthesia 1993; 70: 446-448. 

2. Feldman SA, Fauvel NJ, Hood JR. Recovery from pan- 
curonium and vecuronium administered simultaneously in 
the isolated forearm and the effect on recovery following 
administration after cross-over of drugs. Anesthesia and 
Analgesia 1993; 76: 92-95. 

3. Feldman S. Biophase binding: Its effect on recovery from 
non-depolarizing neuromuscular block. Anesthesia Pharma- 
ceutical Review 1993; 1: 81-87. 


Sir,—We thank Professor Feldman and Dr Hood for drawing our 
attention to their recent work, which had not been published 
when our manuscript was submitted to British Journal of 
Anaesthesia. They have confirmed our clinical finding [1] that 
neuromuscular blockers administered during partial block have 
their duration of action modified by the residual drug [2]. We 
agree that this interaction is mor a result of residual plasma 
concentrations, and did not intend to suggest such a mechanism in 
our article. 

We referred to the ACh receptor in rather loose terms, but 
concede that the authors are more correct to suggest that this 
phenomenon takes place in the “‘ biophase’”’. However, there is no 
proof of the exact anatomical location at which the biophase 
interaction occurs. 

I. SMITH 

P. F. WHITE 
Southwestern Medical Center 
Dallas, Texas 


i. Smith 1, White PF. Pipecuronium-induced prolongation of 
vecuronium neuromuscular block. British Journal of An- 
aesthesta 1993; 70: 446448. 

2. Feldman SA, Fauvel NJ, Hood JR. Recovery from pan- 
curonium and vecuronium administered simultaneously in 
the isolated forearm and the effect on recovery following 
administration after cross-over of drugs. Anesthesia and 
Anaigesia 1993; 76: 92-95. 


EFFECT OF NITROUS OXIDE ON CEREBRAL BLOOD FLOW 


Sir,— We were interested to read the paper by Field and colleagues 
[1] on the effect of nitrous oxide on cerebral blood flow (CBF) in 
humans. They interpreted the data to suggest a cerebral 
vasodilator action of 30% and 60% inspired nitrous oxide 
compared with pure oxygen. 

Before criticizing the use of nitrous oxide in neuroanaesthesia, 
we wonder if their data may also be interpreted as confirmation of 
the well-established cerebral vasoconstrictor properties of oxygen. 
Inhalation of 100% oxygen typically reduces CBF by 10-15% 
[2, 3}—an order of magnitude similar to that of the change 
ascribed to nitrous oxide. The design of their experiment was 
compromised by the fact that, as the subjects inhaled a greater 
concentration of nitrous oxide, they also breathed a smaller 
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concentration of oxygen. This can be avoided only by introducing 
an inert third gas. 

Moreover, we argue that it would be more relevant also to 
clinical practice to maintain the inhaled oxygen concentration 
constant: the practical choice is really between (say) 30% oxygen 
and 70% of either nitrous oxide or nitrogen. 


M. J. DIRNHUBER 
N. J. H. DAVIES 
Southampton General Hospital 


Southampton 


1. Field LM, Dorrance DE, Krzeminska EK, Barsoum LZ. 
Effect of nitrous oxide on cerebral blood flow in normal 
humans. British Journal of Anaesthesia 1993; 70: 154-159. 

2. Kety SS, Schmidt CF. The effects of altered arterial tensions 
of carbon dioxide and oxygen on cerebral blood flow and 
.cerebral oxygen consumption of normal young men. Journal 
of Clinical Investigation 1948; 27: 484-492. 

3. Lambertson CJ, Kough RH, Cooper DY, Emmel GL, 
Loeschke HH, Schmidt CF. Oxygen toxicity: effects in man 
of oxygen inhalation at 1 and 3.5 atmospheres upon blood gas 
transport, cerebral circulation and cerebral metabolism. 
Journal of Applied Physiology 1953; 5: 471-486. 


Sir,—Drs Dirnhuber and Davies have suggested that our data 
may be interpreted as confirmation of the well-established cerebral 
vasoconstrictor properties of oxygen. 

We thank them for the opportunity to challenge the view that 
inhalation of 100% oxygen typically reduces cerebral blood flow 
(CBF) by 10-15%. The studies by Kety and Schmidt [1] and 
Lambertson and colleagues [2] on which this assumption is based 
were flawed in that the volunteers taking part hyperventilated 
whilst inhaling 100% oxygen. A small decrease in mean arterial 
carbon dioxide tension of 0.13 kPa in the former study and a 
greater change of 0.26 kPa in the latter, whilst not statistically 
significant, could account for 4% and 8% reductions in CBF, 
respectively [3]. Lambertson and colleagues pointed out that a 
267-kPa increase in arterial oxygen tension together with a 
0.67 kPa reduction in arterial carbon dioxide tension do not result 
in a reduction in CBF greater than that produced by a 0.67-kPa 
reduction in carbon dioxide tension alone [1]. Furthermore, he 
concluded that “a physiologically important specific vaso- 
constrictor action of oxygen probably does not exist in the intact 
human brain” and that reduced CBF during oxygen inhalation 
may be explained by a primary hyperventilation and reduction in 
arterial carbon dioxide tension. 

Our volunteers did not hyperventilate as confirmed by a stable 
end-tidal carbon dioxide concentration throughout the study. We 
believe that further information is required on the influence of 
moderate hyperoxia (for instance that produced by inhalation of 
40-100 % oxygen) on cerebral haemodynamics before the findings 
of Kety and Lambertson can be validated. 

Our purpose was to mimic as closely as possible the clinical 
situation in which nitrous oxide is administered in varying 
concentrations with oxygen. The introduction of a third gas in the 
equation does not conform with current anaesthetic practice. We 
do not wish to criticize the use of nitrous oxide in neuro- 
anaesthesia, merely to shed some light on the conflicting evidence 
surrounding its effects on cerebral haemodynamics: we believe, 
for the reasons explained above, that our data reflect the effect of 
nitrous oxide on CBF. 

L. M. FELD 
Atkinson Morley’s Hospital 
London 


1. Kety SS, Schmidt CF. The effects of altered arterial tensions 
of carbon dioxide and oxygen on cerebral blood flow and 
cerebral oxygen consumption of normal young men. Journal 
of Clinical Investigation 1948; 27: 484-492. 

2. Lambertson CJ, Kough RH, Cooper DY, Emmel GL, 
Loeschke HH, Schmidt CF. Oxygen toxicity: effects in man 
of oxygen inhalation at 1 and 3.5 atmospheres upon blood gas 
transport, cerebral circulation and cerebral metabolism. 
Journal of Applied Physiology 1953; 5: 471-486. 

3. Michenfelder JD. The cerebral circulation. In: Prys-Roberts 
C, ed. The Circulation in Anaesthesia: Applied Physiology and 
Pharmacology. Oxford: Blackwell Scientific Publications, 
1980; 209-225. 


CORRESPONDENCE 











Signal 
processor 
and sensors 


Patient applicator 
(e.g. syringe pump) 


461 










Clinical 
interface 
or display 






Controller 












Fic. 1. Block diagram for a closed-loop anaesthesia control system. 


SOFTWARE SAFETY CONSIDERATIONS IN THE USE OF 
CLOSED-LOOP, PATIENT-CONNECTED CONTROL 
SYSTEMS 


Sir,—The recent paper by Chaudhri and colleagues, on the 
evaluation of a closed-loop device for control of arterial pressure 
during hypotensive anaesthesia [1], prompts the general question 
of what principles should be applied to ensure such closed-loop 
systems are not hazardous. 

Any closed loop anaesthesia control system can be represented 
by a block diagram (fig. 1). 

In general, the physiological signal processor is a theatre or 
ITU monitor of some type. In the study by Chaudhri’s group this 
was a Datascope monitor. Similarly, the patient applicator may be 
a syringe pump, as used by Chaudhri and colleagues. These are 
devices sold for medical use and may be expected to comply with 
a recognized safety standard such as BS5724; they have in- 
dependent alarms, interlocks, or both. 

In fact, all the elements in such a closed loop could be designed 
and built as electronic modules conforming to B$5724. However, 
it is more likely that the controller and its interface would be 
implemented as software in a microcomputer system. 

Such closed-loop controllers are clearly safety-critical devices 
as there exists a potential for malfunctions that can cause the death 
or serious injury of the patient. The software-comprising part of 
these systems is therefore a safety-critical software module of the 
most sensitive grade. Performance in terms of the definitions of 
software safety ranks with systems to fly aircraft, or those used to 
control nuclear power stations. For such safety-critical systems, 
considerable time and effort has been spent by different authorities 
to lay down guidelines and procedures for the development of safe 
or reliable software. 

Under the present standards, designing safe software of this 
type starts with a formal specification of the problem, preceded by 
hazard analysis. When the code is written, some software 
languages may have to be rejected as being intrinsically less safe 
than others. In a recent draft of the new IEC guidelines, the 
language “C” was classified as being unsuitable for safety-critical 
applications. At the end of writing the code to implement the 
specification, a formal procedure of checking the software against 
the specification ig recommended. External audits of function by 
third parties are often deemed necessary. Testing the basis, logic 
and reliability of the software may go as far as formal mathematical 
techniques or the use of advanced automated systems for proving 
the theorems underlying the construction of the code. 

The problem of software safety does not, however, stop with 
well written, validated code. The program must run in a computer. 
The reliability and safety of the computer may, in some respects, 
be checked against the specifications such as BS5724, although 
there are virtually no suppliers of computer equipment that even 
suggest that their equipment is built to BS5724 standard and 

suitable for connection to patients. However, even if a computer 
hardware is reliable, it includes factors such as operating systems 
which are in themselves computer programs and may have 


potentially dangerous flaws in them—for instance, the compiler 
used to compile the machine code from the source code may be 
defective. Even if ali these elements are without fault in 
themselves, they may interact in an unexpected fashion to generate 
a potentially dangerous state. 

In the defence industry, the response to this problem has been 
to certify the use of certain compilers, prohibit the use of certain 
languages and develop, at great cost, specific computer systems 
with known safety properties. , 

The process I have outlined is both complex and expensive. Ít 
will be beyond most of the researchers who may write safety- 
critical software for experiments or experiment with closed-loop 
anaesthesia systems. The question arises then, what reasonable 
steps may be expected of workers in this area? In the interests of 
starting a debate, I suggest the following list: 

(1) The concept of “safe under single fault conditions ” embodied 
in BS5724 be extended to software dependent systems. 

(2) That independent watchdogs, interlocks or alarms for any 
critical feature be available as an override independent of the 
computer system used. These interlocks should be in independent 
systems and should not be software-dependent. 

(3) All safety-critical alarm conditions should be duplicated 
independently from the software in the system. For instance, the 
alarm systems of the patient application and signal processor 
should be set to realistic limits, to provide independent warnings. 
(4) Software should be validated over an acknowledged range of 
input variables. 

(5) A computer system controlling a safety-critical system should 
not form part of any local area or other computer network, to 
reduce the possibility of interaction. It should be the sole occupant 
of the system upon which it functions. The number of input/ 
output devices required should be minimized. 

(6) The operation of the software should not obliterate or interfere 
with the normal functioning of the displays or operations of 
monitoring equipment used in conjunction with the system. 

Software-generated accidents are not a myth. They have already 
claimed lives. The potential for disaster in this area is very great. 
As a result I wish to suggest one more step. 

As the problem of software criticality is known and recognized 
it would be, in my view, almost certainly negligent for any 
engineer or clinician to build a system and use it with patients 
without taking appropriate steps. I should like to propose that, if 
anaesthetists use critical software in their studies, they be required 
to show that the procedures they use have been reviewed by a 
third party and that they conform to the above or a similar 
standard. 

P. C. W. BEATTY 
Principal Physicist 
Umeersity of Manchester 
1. Chaudhri $, Colum JR, Todd JG, Kenny GNC. Evaluation 
of closed-loop control of arterial pressure during hypotensive 


anaesthesia for local resection of intraocular melanoma. British 
Fournal of Anaesthesia 1992; 69: 607-610. 
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Sir,—The general points made by Dr Beatty concerning the use of 
patient-connected, closed-loop control systems are valid in that 
there is a requirement to undertake hazard and failure analysis and 
to ensure that the system is as fault-tolerant as possible. However, 
it is important to realize that, while a closed-loop system for use 
during anaesthesia is a safety-critical device, the criticality of the 
software does not rank with that of programs for aircraft control 
systems and nuclear power control systems, as the system may be 
overridden by the attendant anaesthetist at any time. In contrast, 
aviation systems must be fault-tolerant, maintaining stability after 
failure of the software. A fault in a system designed for anaesthesia 
can be detected and the system disabled. This is certainly not the 
case in an inherently unstable aircraft whichis unable to fly 
without computer control. Care should be exercised when making 
reference to the defence industry, prohibiting certain languages 
and insisting on the use of validated compilers. The complexity 
of a multi-computer system monitoring hundreds of moving 
targets in real time is far more complicated than the clinical system 
which generated this discussion. The compilers are very expensive 
and may only run on special microprocessors. 

One major point which Dr Beatty has omitted is that it is 
essential to have an accurate input signal to any closed-loop 
system. Artefact rejection is therefore of equal importance to the 
safety of the control software. Similarly, it is vital that the output 
device has been designed appropriately for the purpose of closed- 
loop control. The output device must be capable of reliable drug 
delivery to the patient, reliable control from the processor and 
highly secure communication between the output device and the 
processor. Proscription of certain programming languages will not 
ensure that a system is safe. All languages may be abused and used 
to write poor software. Many researchers can program in BASIC 
or C and for this reason alone these languages are suitable for the 
development of prototype, real-time systems. Hardware safety 
may require separate control and protection channels in addition 
to redundancy with a second processor and program which are 
identical to the first, or diversity where the second processor and 
program are different and run in parallel with the first. Separation 
of the control and monitoring functions (both hardware and 
software) of the system is both easier to demonstrate and more 
convincing in terms of overall safety. 

Software safety is, therefore, only one aspect of the overall 
safety of any system. Another factor is that closed-loop systems 
designed for use in anaesthesia are not intended to replace the 
anaesthetist. They aim to provide an improved technique for drug 
delivery which is similar to that obtained using an infusion pump 
compared with a simple i.v. infusion, but the responsibility for 
controlling the drug remains that of the anaesthetist. 

In addition, there are two phases involved in the development 
of any closed-loop system: 

(1) The production of the initial design which is able to undertake 
the tasks required. This is performed usually in a closely 
monitored environment such as an operating theatre where the 
system is monitored closely and frequently by the supervising 
anaesthetist. The safety aspects of such a system are obviously of 
a lesser nature than those involved with controlling aircraft or 
nuclear power stations where there is less opportunity for detailed 
supervision and intervention by the users. 

(2) Subsequent development of this system into a form which can 
be used routinely by suitably trained personnel and which may 
then be available for general use. 

It is important to distinguish between these two phases, as there 
is a greater requirement for safeguards with the latter. In designing 
real-time software for clinical research, it is important that a 
system hazard analysis be conducted and a specification written 
for the system. The analysis should show up the potential failures 
such that the best hardware or software measures may be 
implemented to prevent the failures leading to an incident. 
Further, for clinical trial purposes it may be more appropriate to 
write some manual monitoring of the system into the trial 
procedure. This option is not open to manufacturers of critical 
equipment, as they have less control over how the equipment may 
be used. The production of a system for general use usually 
involves co-operation with an industrial partner and, at that stage, 
it is clear that more detailed and complex strategy for development 
and evaluation must be used. Even when the highest degree of 
software safety has been implemented, problems remain of 
adequate clinical testing, as it is difficult to anticipate all effects or 
to test all possibilities and combinations of events. For this reason, 
it is essential to use persons other than those who developed the 
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original system to find unsuspected faults in the overall or detailed 
design. 

These comments must apply, not only to closed-loop control 
systems, but also to any devices based on microprocessor 
technology, such as infusion pumps, patient-controlled analgesia 
systems and ventilators, which are used to deliver critical therapy 
to patients, because the underlying concerns about hardware and 
software safety are equally valid. I would suggest that Dr Beatty 
should provide anaesthetists with the benefit of his expertise by 
presenting his views and proposals on this matter to the Society 
for Computing and Technology in Anaesthesia. 


G. N. C. KENNY 


Royal Infirmary 
Glasgow 


Sir,—Thank you very much for the opportunity to contribute to 
the discussions on software safety considerations in the use of 
closed-loop, patient-control systems, particularly those prompted ` 
by Dr Beatty’s comments. 

From the practical point of view, automatic control of 
neuromuscular block, arterial pressure and even adequacy of 
anaesthesia are very much in their infancy and all such techniques 
are operated under the close supervision of anaesthetists in 
theatre. There is, for example, no likelihood that such a system 
would be set in motion and the anaesthetist would depart. 

Dr Beatty’s concerns are plainly reasonable, but we have not yet 
reached the degree of sophistication that would allow these to be 
implemented and certainly it is highly unlikely that feedback 
control systems will ever be allowed to work without direct 
supervision in theatre. As feedback control systems develop, they 
will obviously have to include many of the features that Dr Beatty 
has outlined, such as watchdog facilities, and some already do. 

In addition, one of the major concerns about medical data 
which may even prevent feedback control systems ever “taking 
over” is the problem of artefacts. Before feedback control systems 
can even be designed with the sophistication suggested by Dr 
Beatty we need to become much improved at recognizing and 
rejecting data containing artefacts. 

It is also important when developing new methods of admin- 
istering drugs to ensure that an Ethics Committee gives approval 
having reasonably understood the additional risks involved. 
Subsequently, a patient who gives approval for his anaesthetic to 
be conducted by a feedback control mechanism should also give 
informed consent and should understand that the method of 
controlling the drug dosage is experimental, but that it could 
revert to a normal method within seconds. The patient must have 
some comprehension of the additional risks posed by the use of 
automatic control techniques. 

J. ASBURY 
Western Infirmary 


Glasgow 


A SIMPLE ASPIRATION TEST CAN DETECT TOURNIQUET 
FAILURE DURING I.V. REGIONAL ANAESTHESIA 


Sir,—The recent article by Rawal and colleagues [1] was 
remarkably complete in its discussion of modification of the 
technique of i.v. regional anaesthesia, in particular the re- 
exsanguination of the participating hand shortly before skin 
incision to remove excess local anaesthetic and therefore provide 
a dry operating field. 

Unfortunately, we have no control over the non-compressible 
intramedullary vessels so that correct management of the tour- 
niquet after adequate exsanguination, such as the position, width 
and the pressure of the applied cuff, is still crucial for the 
successful block. 

We have used a simple aspiration test which, in our opinion, 
may be applied to differentiate primary tourniquet failure from 
other possible causes of venous distention. 

Plourde and colleagues in their angiographic study [2] found 
that the volume of the forearm venous system in a 70-kg man is 
17.7 (SD 4.7) ml; thus it seems logical to speculate that a significant ` 
portion is removed by routine exsanguination. Therefore, a 
positive aspiration test (blood-tinged fluid) conducted at the time 
of slow i.v. injection of the initial portion (5—8 ml) of local 
anaesthetic is highly suggestive of cuff incompetence and should 
be treated as such by cessation of the injection, reapplication of the 
Esmarch bandage and recommencing the entire procedure. 
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For the past 3 years this technique has been used successfully in 
this institution on 128 occasions; tourniquet inadequacy was 
detected in 11 instances (8.6%). 

I realize that the proposed aspiration test is not a foolproof 
criterion of tourniquet failure, but rather an additional bed-side 
tool which may contribute greatly to patient safety. I recommend 
it for routine use in i.v. regional anaesthesia. 


S. GURMARNIK 
Southwood Commumty Hospital 
Norfolk, Massachusetts 


1. Rawal N, Hallen J, Amilon A, Hellstrand P. Improvement in 
i.v. regional anaesthesia by re-exsanguination before surgery. 
British Journal of Anaesthesia 1993; 70: 280-285. 

2. Plourde G, Barry P-P, Tardif L, Lepage Y, Hardy J-F. 
Decreasing the toxic potential of intravenous regional an- 
aesthesia. Canadian Journal of Anaesthesia 1989 ; 36: 498-502. 


CENTRAL VENOUS CANNULATION IN PAEDIATRIC 
PATIENTS j 


Sir, —In their paper describing the use of ultrasound to facilitate 
central venous cannulation in paediatric patients, Dr Alderson 
and colleagues [1] found that a frequent problem was inability to 
pass the guidewire through the introducer needle and onwards 
into the superior vena cava, particularly when performing the 
technique in neonates and infants. It was postulated that this may 
result from the ease with which the tip of the introducer needle 
becomes displaced from the lumen of the vein as the aspirating 
syringe is disconnected from the needle. 

Although the authors stated that this problem has not been 
reported in other studies, it is certainly not uncommon in clinical 
practice. It may, however, be eliminated by the prior insertion of 
a standard i.v, cannula into the internal jugular vein: the full 
length of the cannula is advanced into the vein and a syringe 
attached to confirm correct placement; the guidewire may then be 
passed through the cannula into the vein. The cannula is removed 
and the central venous device inserted over the guidewire in the 
usual way. It is clearly important to ensure that the selected 
guidewire will pass through the cannula which has been selected. 
In neonates and small infants, I usually use a Cook 4 French 
gauge double-lumen device; the guidewire with which it is 
provided will pass through the lumen of a standard 22-gauge 
cannula. I am sure that J am not alone in using this simple 
modification which allows the guidewire to be passed with ease 
and is associated with few failures, even in small children. 


N. R. BENNETT 
Sheffield Children’s Hospital 
Sheffield 


1. Alderson PJ, Burrows FA, Stemp LA, Holtby HM. Use of 
ultrasound to evaluate internal jugular vein anatomy and to 
facilitate central venous cannulation in paediatric patients. 
British Fournal of Anaesthesa 1993; 70: 145-148. 


Sir,—Although the technique Dr Bennett describes is certainly an 
excellent alternative to the Seldinger technique, we used the 
Seldinger technique in our study for two reasons; first, it is the 
preferred technique at the Hospital for Sick Children (Toronto) 
and second, it is the standard technique described for insertion of 
jugular venous lines. 

In our institution, we have found greater success in locating the 
internal jugular vein (IJV) and passing the guidewire using the 
Seldinger technique: than by using the i.v. catheter technique 
described by Dr Bennett. We agree that when cannulated 
successfully, the i.v. catheter technique greatly facilitates the 
passage of the guidewire. However, we have found considerable 
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difficulty in successfully passing the i.v. catheter into the IJV. 
This difficulty most likely reflects our lesser experience with this 
particular technique. 

F. A. Burrows 


Children’s Hospital, Harvard Medical School 
Boston, Massachusetts 


EFFICACY OF CONTINUOUS INTERCOSTAL BUPIVACAINE 
FOR PAIN RELIEF AFTER THORACOTOMY 


Sir,—We wish to comment on the technique described recently by 
Dryden, McMenemin and Duthie [1]. We disagree with the 
comment ‘“‘it should not be assumed that an intercostal injection 
of contrast medium and an intercostal infusion of bupivacaine 
behave similarly”. 

We have demonstrated previously, by infusing methylene blue 
peroperatively [2] and by contrast computed tomography on the 
5th day [3] of the infusion, that the site of action of continuous 
extrapleural intercostal nerve block was in the paravertebral 
space. Using a single catheter, the contrast medium was confirmed 
to be in the paravertebral space covering, on average, six 
intercostal spaces. The unilateral sympathetic block that 
accompanies this technique may result in transient Horner’s 
syndrome, particularly with high thoracotomy incisions [3]. We 
used simultaneous bilateral optical plethysmography [4] over the 
appropriate dermatomes, to demonstrate complete unilateral 
sympathetic block. 

Paravertebral block affects not only the intercostal nerves, 
which in this area are not invested with fascial sheath, but also the 
sympathetic chain and the posterior primary rami which mediate 
pain from straining of the ligaments of the costovertebral and 
costotransverse joints and the posterior spinal muscles [2]. The 
sympathetic nervous system is involved in each stage of the 
nociceptive response to acute injury, such as that associated with 
surgery [5]. Evidence suggests that the peripheral afferent block is 
more effective in preventing nociceptive impulses entering the 
central nervous system than the central block, as paravertebral 
block would also reduce neurogenic inflammation of traumatized 
tissues that is dependent on efferent functions of peripheral nerves 
[6, 7]. 

The exact distance of the tip of the catheter from the vertebral 
bodies has not been stated in the report; according to their 
description and the accompanying illustration, it appears too 
lateral to block effectively the sympathetic chain and the dorsal 
primary rami in addition to a standard intercostal nerve block. 
This explains their less than ideal result. Placing the catheter in 
the paravertebral space [2] obviates the need for more than one 
catheter, as the spread of local anaesthetic agent averaged six 
intercostal spaces [2, 3]. 

S. SABANATHAN 

J. RICHARDSON 

A. J. MEARNS 
Bradford Royal Infirmary 
Bradford 


1. Dryden CM, McMenemin I, Duthie DJR. Efficacy of 
continuous intercostal bupivacaine for pain relief after 
thoracotomy. British Journal of Anaesthesia 1993; 70: 508- 
510. 

2. Sabanathan S, Mearns AJ, Bickford-Smith PJ. Efficacy of 
continuous extrapleural intercostal nerve block on post- 
thoracotomy pain and pulmonary mechanics. British Journal 
of Surgery 1990; 77: 221-225. 

3. Eng J, Sabanathan S. Site of action of continuous extrapleural 
intercostal nerve block. Annals of Thoracic Surgery 1991; 51: 
387—389. 

4. Kamal AAR, Harnes JB, Irving G, Mearns AJ. Skin 
photoplethysmography—a review. Computer Methods and 
Programs in Biomedicine 1989; 28: 257-269. 

5. Magora F, Ready LB. The problem of acute pain. It hurts. 
Pain Clinic 1990; 3: 65-67. 

6. Ejlersen E, Anderson HB, Eliasen K, Morgensen T. A 
comparison between preincisional and postincisional lido- 
caine infiltration and postoperative pain. Anesthesia and 
Analgesia 1992; 74: 495-498. 

7. Coderre TJ, Katz J, Vaccarino AL, Melzack R. Contribution 
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Sir,—-I agree entirely with this view that paravertebral block 
would provide reduction in requirement for morphine, greater 
than that achieved with the intercostal block used in our technique. 
Several of the chest radiographs, including the one in the 
article, demonstrated contrast medium in the paravertebral space. 
The statement “it should not be assumed that an intercostal 
injection of contrast medium and intercostal infusion of bupi- 
vacaine behave similarly”, referred only to our study and was 
intended as a suggestion as to why we had a paravertebral injection 
radiographically, but an intercostal injection clinically. 


C. DRYDEN 
Royal Infirmary 
Glasgow 


WHOLE BOWEL IRRIGATION IN ACUTE POISONING 


Sir,—We read with interest the review on management of acute 
poisoning by Collee and Hanson [1]. We suggest an additional 
intervention which may occasionally be useful in reducing 
absorption of some poisons from the intestine. There are situations 
in which induction of vomiting, gastric lavage and administration 
of activated charcoal may be inadequate. These include: late 
presentation after ingestion when significant amounts of drug 
have entered the small intestine; ingestion of very large amounts 
when the residual drug remaining after gastric emptying may still 
be present in toxic amounts; ingestion of a drug, such as iron, 
which is not adsorbed by activated charcoal. 

Under these circumstances a useful treatment is the use of 
whole bowel irrigation. This consists of rapid enteral admin- 
istration of large amounts of lavage fluid over several hours as in 
preparation for colonoscopy or large bowel surgery. 

We have recently treated six children aged from 18 months to 
5 yr who presented after ingestion of the tricyclic antidepressant 
dothiepin (Prothiaden). There was uncertainty about the amount 
ingested and the interval between ingestion and presentation, 
although in no case was this interval less than 1 h. In four of the 
patients, there were symptoms which suggested that the drug had 
passed into the small intestine from where it was being absorbed. 
Four patients were given ipecacuanha to induce vomiting and two 
underwent gastric lavage. Because of concern that further 
absorption of the drug would occur from the small intestine, these 
six children underwent whole bowel irrigation. 

This was administered as polyethylene glycol sulphate via a 
nasogastric tube at 500 ml h™ and continued for 6h or until the 
rectal effluent was clear. Plasma electrolyte concentrations were 
measured before, during and after treatment and there were no 
changes. No patient deteriorated during treatment and those with 
symptoms improved. 
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Tenenbein [2] used whole bowel irrigation in eight children 
after toxic drug ingestion and found it useful in four. There were 
no changes in electrolyte concentrations or PCV. In a study of 
healthy volunteers given a large overdose of ampicillin, Tenen- 
bein, Cohen and Sitar [3] found in 67% reduction in drug 
absorpuon after whole bowel irrigation. This was more effective 
than gastric levage, ipecacuanha-induced emesis and activated 
charcoal administration which reduced absorption of ampicillin 
by 32%, 38% and 57%, respectively [4]. The solution we used 
(polyethylene glycol) is associated with insignificant absorption or 
secretion of water and electrolytes during lavage [5]. 

We suggest that this technique may be useful in some cases of 
acute poisoning. 


Royal Hospital for Sick Children 
Glasgow 
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Sir,-We would agree that this technique could be a valuable 
additional intervention under the following circumstances: 
(1) that there has been a serious intoxication with porential loss of 
life; 
(2) that the manoeuvre is performed under strict metabolic fluid 
balance control; 
(3) that there is full control of the airway and, where it is 
compromised, intubation is performed before irrigation. Whole 
bowel irrigation should be conducted, if at all possible, in an 
Intensive Care Unit. 
G. C. HANSON 
Whipps Cross Hospital 
London 
G. COLLEE 
Royal Free Hospital 
London 
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BOOK REVIEWS 





Case Presentations in Anaesthesia and Intensive Care. By 
K. J. Power. Published by Butterworth-Heinemann, Oxford. 
Pp. 127; indexed; illustrated. £12.95. 


This little book consists of 31 presentations of cases requiring 
anaesthesia or intensive care. The cases include all the types which 
may be seen in the F.R.C.A. examination, but which appear rarely 
in clinical practice—for example porphyria, acromegaly, ma- 
lignant hyperthermia, pulmonary hypertension—in addition to 
more everyday conditions such as severe ischaemic heart disease, 
asthma and emphysema. Several clinical situations, such as the 
trauma patient, the drug overdose case and sudden intraoperative 
hypoxaemia, are also considered. 

For each case presentation there is a brief but pertinent 
description of history and clinical examination followed by 
relevant investigations, including illustrations of chest x-rays or 
ECG. Thereafter, a number of questions are posed, followed by a 
discussion of the case which culminates in recommendations for 
anaesthetic management. 

There is always a tendency for a book such as this to include 
“classic” cases whereas, in the real world, cases are less black and 
white; to some extent that is true here. The facts given are 
inevitably slanted towards a certain diagnosis. However, in the 
clinical situations included, the cases are less clear cut and the 
discussion does manage to mimic the real situation. 

I thoroughly enjoyed reading this book, and would imagine that 
a trainee revising for the F.R.C.A. would find it a very useful 
break from the drudgery of normal textbooks. It might be 
particularly helpful during the period between written and oral 
examinations when conventional revision often proves difficult. 

The author has exposed to potential criticism his opinions 
regarding the management of a whole range of different conditions 
and situations, and inevitably one can quibble with some of his 
recommendations——especially, perhaps, in the intensive care/ 
emergency /trauma situation in which management options are 
less clear cut. For example, case presentation No. 3, a high 
medical risk elective aortic aneurysm case, should never have been 
in a high dependency unit after operation, but rather in an 
intensive care unit. His renal failure should have been noted 
before 48 h, and a pulmonary artery catheter inserted to measure 
cardiac output and oxygen delivery and to guide appropriate 
cardiovascular therapy. Instead, the acute renal failure is just 
accepted, and all the discussion revolves around the subject of 
haemofiltration. “Renal” dopamine is also accepted without 
question, when in fact it is of no proven worth. 

One may also take issue with the sequence of events in the 
management of the chest trauma (presentation No. 8). In this 
situation, one must not fail to mention administration of high flow 
oxygen; also there was need for action on three fronts virtually 
simultaneously: intercostal drainage, tracheal intubation and i.v. 
cannulation. Urgent intercostal insertion of a large-gauge cannula 
was indicated before formal drain insertion. 

Overall, however, the author argues his way through his 
presentations well, imparts useful information to the reader and 
provides a helpful new slant to the candidate preparing for the 
Feliowship’s examination. 

I. S. Grant 


The History of Anesthesia: Third International Symposium Pro- 
ceedings. Edited by B. R. Fink, L. Morris and R. Stevens. 
Published (1992) by Wood Library-Museum of Anesthesi- 
ology, Park Ridge, Illinois. Pp. 467; indexed; illustrated. 
Price (paperback) U.S. $70; (hardback) U.S. $80. 


This book is the third in a series of International History of 
Anaesthesia Symposia Proceedings and is based on the meeting 
held in Atlanta, Georgia in late March 1992, which commemor- 
ated the 150th Anniversary of the use of ether by Crawford Long 
in nearby Jefferson, Georgia. 

This volume differs in size and presentation from the two 
previous History Symposia Proceedings published to date. In 
their desire to produce this book with the minimum of delay, the 
Editors confess to an acceptance of a variety of written styles 
which, in this reviewer’s opinion, does not detract from the 
volume in any respect. The three co-editors for this book are 
reknowned anaesthetists and anaesthetic historians. As would be 
expected from such a triumvirate, their efforts are excellent and 
the resulting book is a real pleasure to read. 

The papers are published in alphabetical order of first author, 
but may also be accessed rapidly through the several indexes 
provided which group papers under the broad anaesthetic 
categories of apparatus, agents and techniques; biography; 
military; and general. There ts a further alphabetical index of 
topics, and a complete author index. This styling allows readers to 
find their way round the book with ease. The page layout is simple 
and the typesetting is in a font size which is “user-friendly” for 
the older reader. 

More than 90 papers are published; some are only abstracts of 
up to one page in length, while others are small booklets in their 
own right. The majority of papers are enhanced by illustrations, 
some of which appear in colour. The extensive lists of references 
associated with the papers make the volume worth buying for this 
reason alone. 

The book clearly reflects the international flavour of the 
meeting, with contributions from six continents and 16 countries. 
Predominant amongst these are papers from the U.S.; these 
constitute 55% of the book, which makes the volume of great 
interest to the European market, which is rarely able to read such 
contributions. It is invidious to pick out single authors, but 
Michael Goerig from Hamburg is noteworthy for having his name 
associated with eight papers. The International Historical world 
of anaesthesia is obviously in agreement, as Dr Goerig will be 
hosting the Fourth International Symposium on the History of 
Anaesthesia in 1997 in Hamburg. 

Everyone with a major interest in the history of anaesthesia will 
want their own copy of this excellent book, but it should be in 
every Departmental library where it will provide considerable 
interest and pleasure to any anaesthetist who “dips” into its 
pages. Anyone who doubts this last statement should reflect on the 
words of George Santayana, “those who ignore the lessons of 
history, shall be forced to repeat them.” 

D. F. Wilkinson 
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